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This program invr' "es several aspects of chemistry,
electrochemistry, ph -hemistry, and spectroscopy of selected
systems in molten hi .s. This report summarizes the research
perfored during the first year of the program. The following
personnel were involved hn this program during this period.

1. Professor Gleb Mamantov, principal investigator.

2. Professor Richard M. Pagni, coprincipal investigator

3. Dr. Guang-Sen Chen, postdoctoral research associate,
supported by this program during the period 2/15/93 -7[20b/93.

4. Dr. Haiming Xiao, postdoctoral research associate,
supported by this program during the period 11/10/93 -
present.

5. Dr. Yvette Yang, part-time postdoctoral research
associate, supported by this program during the period
2//15/93 - present.

6. Dr. Anna Edwards, part-time postdoctoral research
associate, not supported by this program.

7. Ellen Hondrogiannis, Ph.D. student, not supported by this
program.

8. Carlos Lee, Ph.D. student, partially supported by this
program.

9. Sven Eklund, Ph.D. student, not supported by this
program.

10. George Hondrogiannis, Ph.D. Student, partially supported
by this program.

The status of projects investigated under this program is
summarized below.

1. Purification of Alkali Haloaluminate Melts.

Cxide impurities in molten chloroaluminates may have
pronounced effects on the behavior of other solute species in
these media. This problem is particularly serious for basic
(AlCl 3/NaCl mole ratio < 1) alkali chloroaluminates containing
refractory metal solute species such as Nb(V), Ta(V),
W(V). We have previously reported on the removal of oxide
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impurities fran A1Cl 3-NaCl melts saturated with NaCI using
phosgene (1) Phosgene, however, is a poisonous gas and must
be handled with extreme caution. We have now been able to
achieve complete conversion of oxide impurities to chlorides
by treating the melt with carbon tetrachloride (2, Appendix
1). This procedure is also applicable to acidic alkali
chloroaluminates and fluorochloroaluminates, such as the
NaAICl 4-NaF (90-10 mole%) melt.

2. Electrochemical and Spectroscopic Studies of Refractory Metal
Species in Basic Alkali Haloaluminates.

Using haloaluminate melts purified with CC14, we have
investigated the electrochemistry of tantalum in AICl 3-NaClt
and NaAlCl 4 -NaF (90-10 mole %) melts in the temperature range
200-450C (3, Appendix 2). We have also conducted
spectroscopic and electrochemical studies of tungsten (VI) and
tungsten(V) chloride and oxychloride ccmplexes in the AlCl 3-
NaCl.t melt at 1750 (4, Appendix 3) and have reinvestigated
the electrochemistry of niobium(V) in the AICI 3-NaClt and
related melts at 160-5000C (5, Appendix 4). In all cases (3-
5) strong evidence for dimeric and cluster species was
obtained resulting in very complicated chemistry. Formation
of metals at high temperatures (>5000C) was also observed. We
have initiated studies to compare electroplating of these
elements (W, Nb, Ta) fro basic haloaluminate melts with that
frat the LiF-NaF-KF eutectic (6). Our prior studies indicate
that these metals cannot be plated using acidic (AlCl 3-rich)
chloroaluninate melts.

3. Spectroelectrochemical Studies in Molten Alkali
Chloroaluminates.

Spectroelectrochemistry - coupling of electrochemistry and
spectroscopy - can be a very useful approach for investigating
complex reactions in solutions (7).

Using Raman, UV-visible and electron spin resonance
spectroscopies we reinvestigated the reduction of chloranil in
ACIl3-NaCI melts (8, Appendix 5). This material was
previously investigated (9, 10) because of its potential use as
a cathode material for high-energy molten salt batteries. The
spectroelectrochemical results (Appendix 5) show clearly that
the reduction of chloranil in the basic AlC13-NaCl melt occurs
not by a single two-electron process (as believed previously)
but through the stepwise reduction of chloranil to the radical
anion and the dianion.

2



7bje spectroelectrochemical approach was also quite useful in
the studies of the reduction of Nb (V) (see Appendix 4) and of
Re (IV) in AlC13-NaClI.. Th. rhenium system is being studied
by Ellen Hondroianis (EH) as part of her doctoral
dissertation. This work, supported by an AFOSR fellowship to
EH, will be reported separately.

4. Photochemistry of Aroatic Hydrocarbons in Aluminum Chloride -
1-Ethyl-3-Methylimidazolium Chloride Ambient Temperature Melts
(this aspect of the program is codirected by Professor R. M.
Pagni).

The research during the past year has concentrated on the
photochemistry of anthracene and 9-methylanthracene in molten
aluminum chloride-i -ethyl-3-methylimidazolium chloride
(ALC1 3/EMIC), looking in particular for photoinduced electron
transfer reactions. Several such reactions have been found.
Anthracene in deoxygenated basic medium (AlC'3 /MEIC mole ratio
<1) afforded the 4+4 dimer exclusively (11, Appendix 6); no
electron transfer fra the excited state of anthracene to EMI
was observed under these conditions. Anthracene in
deoxygenated acidic medium (AlCl3 /MEIC mole ratio >1), on the
other hand, yielded a large number .3f monomeric and dimeric,
reduced, neutral and oxidized products. Experiments showed
that this unique chemistry was initiated by electron transfer
from the excited state of anthracene to protonated anthracene
which was formed by the reaction of anthracene with trace
amounts of HCI, a strong acid in the acidic molten salt.
Photolysis of the more easily oxidized 9-methylanthracene in
deoxygenated basic, elt afforded, in addition to the 4+4
dimer, two monomeric and two dimeric products, all of which
were characterized by independent synthesis. Experiments
demonstrate that this chemirtry was initiated by electron
transfer from the excited state of 9-methylanthracene to E4I .
The difference in behavior of anthracene and 9-
methylanthracene in the basic melt can be attributed to the
difference in the rate of electron transfer to EMI : for
anthracene, the electron transfer is endothermic and slow,
while for 9-methylanthracene, the electron transfer is
exothermic and fast. Irradiation of anthracene in oxygenated
basic medium afforded several products including 9-
chloroanthracene. Although the formation of 9-
chloroanthracene can be envisioned to arise by electron
transfer from the excited state of anthracene to 92,
additional work will be required to prove that this assumption
is correct.
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Appendix 1

Removal of Oxide Impurities from Alkali Haloaluminate
Melts Using Carbon Tetrachloride

Gungi-mn Cen,* I-Won Sun, Karl D. Slmneri, Anna G. Edwards, and Glob Mamantov"
Department of Chemistry, The University of Tennessee, Knoxville, Tennessee 37996-1600

ABSTRACT
Small amounts of oxide impurities in alkali chloroaluminate and fluorochloroaluminate melts can complicate

markedly the electrochemical andspectroscopic behavior of other solute species in these melts. A simple method for the
removal of oxides from these melts has been developed in our laboratory This method is based on the reaction of carbon
tetrachioride with oxides to convert them to chlorides. Spectroscopic techniques (UV-visible and IR spectroscopy) haveshown that addition of carbon tetrachloride results in the complete conversion of oxides to chlorides.

Oxide impurities in molten chloroaluminates' may have FTS-7 Fourier transform infrared (FTER) spectrophotome-
pronounced effects on the behavior of other solute species ter which was controlled by a microcomputer system.
in these media;"' these impurities are difficult to avoid. The in situ infrared spectra of the molten salts were ob-
Recently we reported on the removal of oxide impurities tained using a cell similar to that described by Flowers and
from a sodium chloroaluminate melt saturated with NaCI Mamantov.U The cell utilized silicon windows which were
with phosgene (COC12).5 Prior studies on the determination torch-sealed to the Pyrex body of the cell. AceThred
and removal of oxide species from chloroaluminate melts adapters (Ace Glass Inc.) on the top of the cell provided
are summarized briefly in that paper.' access for loading and sample addition, and produced an

Phosgene is a very poisonou, gas and must be handled airtight seal when closed. One AceThred adapter on the cell
with extreme caution. In addition, we have found that the was covered with a septum. An appropriate amount of CC14
removal of oxide impurities from acidic sodium chloroalu- was added by injecting it through the septum using an air-
minute melts (AlCl&/NaCl mole ratio > 1) using COC12 is not tight microsyringe (Baxter Diagnostics, Inc.). A furnace
complete.' with diametrically opposed holes, which was constructed

We report here a method for the removal of oxides from in house, allowed heating of the melt inside the sample
both acidic and basic alkali chloroaluminate meltj, as well chamber of the FTIR instrument.
as fluorochloroaluminate melts. This method is based on
the reaction of carbon tetrachloride with oxide species to Resulb and Discusion
convert these species to the corresponding chloride com- AlCl-NaCl,. melt at 200*C.-Figure 1 shows infrared
plexes. Using CC14 as a chlorinating reagent is advanta- absorption spectra in the region from 640 to 880 cm' for
geous compared -to the COC12-treatment in that CC14 is
much easier to handle.

Ezpernmonal 04
Aluminum chloride (Fluka, >99.0%) was purified by sub-

liming it twice under vacuum in a sealed Pyrex tube.
Sodium chloride (Mallinckrodt, reagent grade) was dried 0a
under vacuum (<50 mTorr) at 450*C for at least 48 h. High
purity.-.dium fluoride (AESAR, puratronic, 99.995 %), nio-
bium pentachoride (AESAR, puratronic, 99.99%), and W
tungsten oxychioride (WOC14, Aldrich) were used without 0 ate
further purification. Carbon tetrachloride (water 0.001%) Z (a)
was purchased from Baxter Diagnostics, Inc. I

AiCl3-NaCl melts were prepared from purified aluminum 2

chloride and vacuum dried sodium chloride. Any remain-
ing base metal impurities in the melts were removed by
adding aluminum metal (AESAR, 99.999%) in the process
of preparing the melts.

Sodium fluorochoroaluminate melts' were prepared by
mixing AIC13-NaCl. salts with high purity sodium (b)
fluoride in a suitable ratio, followed by premelting this
mixture in a quartz tube. All handling of melts and solutes
was performed in a nitrogen-filled dry box (moisture level (c) ->

<2 ppm). Pyrex cells and ampuls were torch-sealed under
vacuum (<50 mTorr). am 840 06 M M %1

Ultraviolet-visible absorption spectra were obtained us-
ing 2 mm path length quartz cells and a Hewlett Packard WAVENUMBERS (lIcf)
8452A diode array spectrophotometer with a water-cooled Fi. 1. h dOm o d of dih drai
furnace. Infrared spectra were recorded with a Bio-Rad s. 0 n. mV2. 1Na 3t20C

W# Mlm.II N 30 nn trdw k d i 1 50 4 CC14-1
Electrochemical Society Active Member and W 120 min car6 lr inroducion .450 piJ CC toal.
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am (a)m (

WAVENUBERS (1/cm) oo 2

F4g.2. Ird A beps -peu r- hLMA -N4cL sk
ireif.sh 203a mA4NmCs 4 M O A al W2 i WAVELENGTH ONm

135 ma, S0& or C. andW aro hdwaadon. Iar ,,l, ba 3NsI.k 11117 ), at 200OC; Wa) a. M .,A
=*mIng 0.17 mM .&O~ (Mi 16 m m M45ndnar d
hbdmdis f10rr 0im -l pI CIdquartcd path hugE. 2 mm.

the AICI-NaCL, (AICIs/NaCI mol ratio = 0.99) melt con-
taining 20.3 mM Na2CO, at 200T. The amount of NaCO3 in
this cell was 0.568 X 10- 3 mol; this number of moles corre- significantly with the introduction of CC14 into the melt

spond to 138 pllter CC (at 25-C). Two absorption bands for (Fig. 2). The doublet bands were observed even in the ab-
aluminum oxychiloride were observed at 680 and 800 cm -1, sence of the sample cell; however, the band intensities were

which is in good agreement with the previous results re- weaker than those after the addition of CCI. Prior to CCI,

ported by Flowers and Mamantov. Thirty minutes after an addition, these weak bands probably resulted from the

addition of 150 pliter CC14 , which was approximately equal trace amounts of CO in the sample chamber of the FTIR

to the molar amount of oxide in the melt, was made, the instrument. From the results depicted in Fig. 2, we can

intensity of the absorption band at 800 cm-' was decreased conclude that the reaction of CC14 with 02- formed CO and

to ca. 80% of the initial absorption intensity; the signal C- as follows
further decreased to 75% after 60 min and remained un- CC14 + 20' = C02 + 40-
changed for 2 h. Subsequently, an excess of CCI, 450 pliter
in total, was added to the same cell. After 70 min, 70% of where 02- and Cl- represent the oxide species and free
the oxide was converted to the corresponding chloride spe- chloride ions or the chloride species, respectively
ties. After 120 min, no infrared absorption bands for the The spectrum obtained for this melt after evacuation for
aluminum oxychloride species were detected in the melt. It 1 h is shown in Fig. 2. It is evident that the CO2 absorption
was apparent that all of the oxide impurities were elimi- bands were reduced markedly. After 1 h more of evacua-
nated in 2 h. The reaction of the oxide with CC14 was much tion, these bands were decreased further to the level ob-
faster than that with phosgene since 4 and 8 h were needed served before the introduction of CCI4. These results indi-
to remove 14 and 34 mM of the oxide, respectively, using cate that the by-product (CO formed by the reaction of
COC".' CC14 with the oxide impurities was removed by evacuation.

A doublet occurring at 2342 and 2357 cm - ', which is typ- An alternative way to measure oxide impurities is to ex-
iCal of the infrared spectrum of CO, 11-13 increased amine the UV-visible spectra of Nb (V) in the melts.

TI L UV-.v l I s.amesopi d fa .mfo iimmm M sprn

Speies Solvent X/nM (/M-- Ic-') Ref.

Nbd. gas at 100'C, 240 (1.0 x 104), 285 (1.0 x 104) 16
NbC]; CHCN 242 (8.1 x 10'), 294 (3.4 x 10), 17

318 (1.4 x 10'), 355 (sh, 2.5 x 103)
Ut4 I CHCN 242 (6.4 x 10'), 290 (2.9 x 10'), 18

315 (sh, 1.1 X 10'), 355 (sh, 2.0 x 103)
Nbdj AICI,-MIC 291 (3.2 X 10'), 316 (1.7 x 10') 19

(44.4/44.6 m/o) 360 (sh, 4.1 x 10') 0
SAICIrNaCI,.L 240 (1.1 X 10'), 288 (1.3 x 10') 20
(b rj AlCls-Na"' 242 (5.3 X 10'), 290 (1.4 x 10')

(CC-treated, 316 (sh, 9.1 x 103), 350 (sh, 3.4 x 103)
at 200C) This work

NbOCI" 12M Hd 228 (3.6 x 10), 280 (1.1 x 104) 19
320 (sh, 1.3 X 10')

AlCd,-MEIC 278 (1.3 x 10'), 317 (sh, 1.2 x 103) 19
m- AlCIrNaC.t 220 (6.9 x 103), 270 (4.7 X 103)

at 2008C This work
NbOCI- NaAIC14-NaF 278 (s) This work

(90-10 m/o) at 480*C
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Se$USNt )#m (@/M- I e -T Ief.

WCI, CCI 334(8.0 x 10, 379(3.0 x 10 21
447 (8.0 x 10', 514 (V, 1.7 x 10')
585 (?, 60), 720 (P)

WC1, vapor 220 (s), 275 (sh), 330 (s), 375 (sh) 14
430 (w)

WOC14  toluene 355 (s) 22
WACI. vapor 220 (s), 250 (sh), 270 (sh), 355 (s) 14

460 (w)
WOC14  AICI,-NaCI 228 (4.3 x 103), 266 (sh, 2.1 X 103),

(63.37 m/o) 284 (sh, 1.4 x 10'), 360 (3.8 x 10')
at 200*C This work

WCl. AICI,-NaCl 332 (9.7 x 10'), 378 (sh, 4.6 X 103),
(63-37 m/o) 434 (sh, 1.9 x 10'), This work
(after CCI treatment at 200C 484 (8.4 X 10')

approach may be more sensitive for detecting a very low As the temperature was increased to the liquidus temper-
concentration of oxide species in the melts than the in- ature, 395°C or higher, the complete conversion of the ox-
frared spectral approach. A UV-visible absorption spec- ides to chlorides by CC14 was obtained in less than 5 nin as
trum using niobium (V) species as a probe at 200°C is shown indicated by the UV-visiblE spectral changes of Nb(V) spe-
in Fig. 3. The concentration of the initial niobium oxychlo- cies contained in the melt (Table I). We noticed that the
ride, which was added as NbOC,, was 0.17 mM. The results chloride species transformed again to the oxide species ca.
are summarized in Table I along with the literature data. 45 min after the introduction of 10 pliter CCI. to 2.38 g of
The spectrum obtained before the introduction of CC 4  the fluorochoroaluminate melt with I mM Nb(V) species in
(Fig. 3a) showed two main bands at 220 and 270 nm, which a quartz UV cell (2 mm in path length). This may be caused
were similar to those for NbOCn- in HCI and in basic room by the slight reaction of the melt with the quartz cell.
temperature melts' (Table I. We also observed results In summary, an oxide-free fluorochoroaluminate melt
similar to the literature data for niobium oxychoride in can be ob--ined by the following procedure: (i) increase
NaAICI,-NaF 190-10 mole percent (m/o)J at 480°C at a the temperature to 4000C or higher for NaAlCI4-NaF
higher concentration of 1 mM. (90-10 m/o); (ii) add an excess of CCl4 to the cell after the

With the addition of CC14 to this cell, a significant change melt becomes molten; (iW) keep the cell at the high temper-
in the UV-visible spectrum was observed (Fig. 3b). After ature for ca. 30 min; (iv) cool the cell to 300°C or lower; (v)
45 min, the spectrum exhibited a much higher absorbance evacuate the excess CCd4 and CO2 at this temperature for
in the 250-350 nm region than that observed for the oxy- ca. 2 h; and (vi) cool the melt to room temperature.
chloride species. Several absorbance maxima were ob-
served at 242, 290, 316 (sh) and 350 nm (sh), which are in Cokkision
excellent agreement with those for NbCl in other solvents Spectroscopic techniques (IR and UV-visible spectro-
(Table I). These results indicate clearly that using CC14 can scopies) indicate that the addition of carbon tetrachloride
reduce the oxide impurities to an extremely low level, removes all traces of oxide impurities from both basic and
AlCl-NaCl (63-37 m/o)melt.-The oxide contaminado acidic sodium choroaluminate melts, as well as from
nacdicl (63-3 7omp e ie efluorochloroaluminate melts. This method has an obvious

in acidic choroaluminates also complicates the electro-

chemical and spectroscopic behavior of some solutes of in- advantage over using other chlorinating reagents, such as

terest in these melts.14 However, removal of oxide impuri- COCd, and HCl, since CCI4 is easier to handle. This method

ties from acidic chloroaluminate melts has not been
reported previously. As mentioned above, phosgene cannot
eliminate the oxide completely from these melts.' There-
fore, we attempted to remove the oxide impurities from an
acidic melt, AICI,-NaCl (63-37 m/o), using CC]. The
efficiency was monitored by measuring the UV-visible
spectra of melts containing a W(VI) species, which was em-
ployed as the probe.

Figure 4 shows the change in the UV-visible spectrum of
tungsten(VI) species in the acidic melts with the addition of w
CCI, at 200°C. The features of these spectra are summarized C) as
in Table H together with the literature data. From these
results we conclude that the tungsten(VI) species in the
initial melt was WOCI4 . A significant change in the spec-
trum was observed ca. 2 h after the introduction of CC1l. 0

The new spectrum was characteristic of WC 0 (Table H). 0.4-
The use of CC1, can remove all the oxide impurities in these
melts. The reaction in the acidic melts was slower than that
in AlClr-NaClg melts.

NaAlCl,-NaF (90-10 m/o) melt.-The electrochemistry 02
and spectroscopy of'solutes of sodium fluorochloroalumi-
nate melts can be investigated over a large temperature
region, ca. 200 to 800C, or higher."8 There exists a large
quantity of liquid phase for the NaAICI4-NaF (90-10 m/o)
at temperatures a2000C, although the liquidus tempera- M 2 3 3i 41 4W ON m
ture at which the melt is completely molten, is 395°C. WAVELENGTH (m)

We first attempted to remove the oxide impurities at a
relatively low temperature (200-250°C) using CC14 . How- 4. a-ser (d M speues in an
ever, CC, only partly converted the oxides to the chlorides. ad& ugh, Ai-Iwg (6-37 mlo, 2.781 g), 2C; (a) AQ . hio
This was due probably t , -- presence of the solid precipi I i Imkug 0A73 mM WOCI* 0i 120 mm agor Am Wmdudion
tate which prevented complete conversion. of 20 pJibr CCk dw = cel po l egO wa 2 m.
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also may be suitable for the removal of oxide impurities 8. P. A. Flowers and G. Mamantov, This Journal, 136,2944
from other alkali chloride melts such as LiCl-KCI and (1989).
KCl-NaC. 9. P A. Flowers and G. Mamantov, Anal. Chem., 61, 190

(1989).
Ak noledp.n 10. P A. Flowers and G. Mamantov, ibid., 59, 1062 (1987).

This work was supported by the Air Force Office of Sci- 11. J. H. Taylor, W. S. Benedict, and J. Strong, J. Chem.
entific Research, Grant No. 88-0307. Phys., 20, 1884 (1952).

12. A. H. Nielsen and R. J. Lageman, ibid., 22, 36 (1954).
Manuscript submitted Nov. 30, 1992; revised manuscript 13. N. B. Colthup, L. H. Daly, and S. E. Wiberley, Introduc-

received Feb. 26, 1993. tion to Infrared and Raman Spectroscop pp. 43-45,
The University of Tennessee assisted in meeting the pub- Academic Press, New York (175).

lication costs of this article. 14. J.-P Schoebrechts, P. A. Flowers, G. W. Hance, and G.
Mamantov, This Journal, 135, 3057 (1988).

REFERENCES 15. G.-S. Chen, A. G. Edwards, and G. Mamantov, ibid.,
1. T. M Laher, L. E. McCurry, and G. Mamantov, Anal. Submitted.

Chem., 57, 500 (1985). 16. R. F W. Bader and A. D. Westland, Can. J. Chem., 39,
2. B. Gilbert and R. A. Osteryoung, J. Am. Chem. Soc., 2306 (1961).

100, 2725 (1978). 17. B. J. Brisdon, G. W A. Fowles, D. J. Tidmarsh, and R. A.
3. K. Zachariassen, R. W Berg, and N. S. Bjerrum, This Walton, Spectrochim. Acta, 25A, 999 (1969).

Journal, 134, 1153 (1987). 18. M. Volloton and A. E. Merbaci, Ileiv. Chim. Acta, 57,
4. I-W. Sun, E. H. Ward, and C. L. Hussey, Inorg. Chem., 2345 (1974).

26, 4309 (1987). 19. I-W. Sun and C. L. Hussey, Inora. Chem., 28, 2731
5. I-W. Sun, K. D. Sienerth, and G. Mamantov, This Jour- (1989).

nal, 138, 2850 (1991). 20. E. Hondrogiannis and G. Mamantov, Unpublished re-
6. I-W. Sun, K. D. Sienerth, and G. Mamantov, Unpub- suits.

lished results. 21. C. K. Jorgesen, Mol. Phys., 2, 309 (1959).
7. B. Gilbert, S. D. Williams, and G. Mamantov, Inorg. 22. E. Thorn-Csanyi and H. A±imm, J. Mol. Cat., 28, 37

Chem., 27, 2359 (1988). (1985).

Rcprlntcd from JOURNAL OF THE FAJCOCHEMCAL SocMEY
Vol. 140, No. 6,Junc 1993

Printed in U.S.A
Copyright 1993



* APendixc 2

ft hMJmiNM L O U RUCUK3oO N.AL SOaI..
Vd. 140 No. 9. Sepenb 193

hbPkW ft USA
CopfiOt 1993

Electrochemical Studies of Tantalum in Fluorochloroaluminate
Melts at 200-450°C
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ABSTRACT

The electrochemistry of tantalum(V) species in sodium fluorochloroaluminate melts (10 mole percent NaF) has been
investigated in the temperature range of 200 to 450'C using cyclic, normal pulse, and square wave voltammetries, exhaus-
tive electrolysis, Raman and electronic spectroscopies, and x-ray diffraction methods. The electrochemical behavior of
tantalum(V) is strongly dependent on temperature. Three main reduction waves are observed at a temperature of 300°C or
higher. The first an second reduction waves merge into one wave at temperatures below 300°C The first reduction wave
is associated with the reduction of tantalum(V) to tantalum(IV) species followed by a dimerization reaction which occurs
very slowly at lower temperatures. The second reduction wave is believed to be the reduction of the tantalum(IV) dimer,
Tar', to a tantalum(III) species (probably Ta'). The tantalum(MI) species decomposes resulting in the formation of the
cluster, Tha,Cl. The last reduction wave is assigned to the reduction of the trivalent tantalum species to a divalent tantalum
species, which is highly unstable and decomposes to form the tantalum cluster, TaClng, and metallic tantalum. The clusters
are slowly reduced to metallic tantalum.

The electrochemistry of tantalum is complicated by the Sodium fluorochloroaluminate melts are interesting me-
existence of various compounds with different oxidation dia because the electrochemistry and spectroscopy of sol-
states, such as Ta5 , Th4 , Ta3 , Ta, Tat4 , Ta0 1-4 in MCI3 - utes can be examined over a large temperature range (from
NaCl melts." McCarley et al. 2 '3 reported that anhydrous ca. 200 to 800°C or higher). The attack of Pyrex and quart-
low-valent tantalum halides can be synthesized by the re- cells by these melts is much smaller than that by alkali
duction of tantalum(V) halides with aluminum metal at fluoride melts.2' The cathodic limit of the fluorochloroalu-
appropriate temperatures. The electrolytic reduction and minate melts occurs at more negative potentials than that
oxidation of tantalum and other refractory metal species in of sodium chloroaluminate melts at high temperatures (see
molten halide salts,' 3 organic solvents, and room temper- below). There is sufficient molten phase in the NaAlCl-
ature melts" have received considerable attention, since NaF (90-10 m/o) system at temperatures well below its liq-
these metals generally have very high melting points and uidus temperature (3950 C)" for the electrochemical stud-
high corrosion resistance. ies. In this paper, we describe the electrochemical studies of

We are interested in the electrochemistry and electro- tantalum(V) in oxide-free fluorochloroaluminate melts,
plating of refractory metals such as Nb, Ta, and W in alkali NaAlCI4-NaF (90-10 m/o), at 200-450'C.
chloroaluminate and fluorochoroaluminate melts.
von Barner et al.' have recently reported electrochemical Exp~imntal
and spectroscopic studies of tantalum species in AlCl.- Aluminum chloride (Fluka, >99.0%) was purified by sub-
NaC1 melts at 160-300°C. Tantalum(V) forms two different liming it twice under vacuum in a sealed Pyrex tube. 6

species, TaC; and TaCl5, in basic (AIClINaCI mole ratio Sodium chloride (Mallinckrodt, reagent grade) was dried
<1) and moderately acidic AC13-NaCl melts.' ' 6 In addition, under vacuum (<50 mTorr) at 450*C for at least 48 h. High
TaOC1; is formed in basic melts in the presence of small purity sodium fluoride (AESAR, puratronic, 99.995%)
amounts of oxide ions.' The reduction of tantalum(V) in an and tantalum chloride (AESAR, puratronic, 99.99%) were
acidic A1Cl3-NaCl [51-49 mole percent (m/o)] melt at 175°C used without further purification. Carbon tetrachloride
is believed to follow the sequence, Ta + e- = Ta', 2 Ta' = (water, 0.001%) was purchased from Baxter Diagnostics,
Tar, Ta + 2e- = Ta, 5 The = Ta,4* + 4 Tah4. This reduction Incorporated.
leads to the formation of a tantalum cluster. Formation of ACl3-NaCl melts were prepared from purified alu-
metallic tantalum was not observed in the electrolysis at minum chloride and vacuum-dried sodium chloride. The
175°C in the sodium chloroaluminate melts. melts were saturated with NaCI at 175°C. Any remaining

McCurry'7 investigated the electrochemical behavior of base metal impurities in the melts were removed by adding
tantalum(V) in ACl3-NaCI melts saturated with NaCI, aluminum metal (AESAR, 99.999%) in the process of
noted ACI,-NaC., melts, as a function of the oxide con- preparing the melts.
centration in these melts. These studies resulted in a It is very important to eliminate small amounts of oxide
voltammetric method employing tantalum(V) as a probe to species in the melts since the presence of the oxide species
determie small amounts of dissolved oxide impurities in will complicate the electrochemical behavior of Ta, Nb, and
molten AlCl 3-Na",t ' . W in these melts." 23

-
2 ' Recently, we reported the use of

Several resear .ners"2- have described spectroscopic phosgene, COC 2, to convert oxide species to the chloride
studies of the chlorobromoaluminate and chloroiodoalumi- species in basic alkali chloroaluminate melts.24 Very re-
nate melts. The various mixed ions ACIX-_, (X = Br, I) cently, we have found that carbon tetrachloride can also
were reported when AlC - was mixed with ABr or A14. remove oxides effectively. The treatmmt with CCI, has sev-
Gilbert et al.2' investigated the Raman spectroscopy of eral advantages comp "ed to the COCl2-treatment includ-
fluoride-containing chloroaluminate melts at 580-820°C. It ing the ease of hands ig CCI,. The details of this new
was observed that fluoride replaced chloride progressively, method will be reported elsewhere.6

depending on the molar ratio of NaF to NaACI,, to form Sodium fluorochloroalununate melts were prepared by
the species ACl 3F-, AlCl2 F2, ACIF3 , and A1F4. mixing CCl 4-treated AlC13-NaCl, salts with high purity
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sodium fluoride in a suitable ratio, followed by premelting ....... .
this mixture in a quartz tube."' O 3

The electrochemical studiea were performed in a Pyrex Bao 2

cell using a glassy carbon plate as a counterelectrode, a
tungsten wirp (0.5 mm in diam), plitnum wire (0.5 mm in I
diam) or a glassy carbon rod as a working electrode, and a , .. oC
platinum wire directly immersed in the melts as a quasi-
reference alectrode. The reference electrode was a silver
wire dipped in AlCls-NaCl.t melt containing 6.28 m/o AgCI 400oC

and placed in a thin Pyrex bulb. The silver electrode was
found to be very stable and reproducible even at high tem-
peratures, while an aluminum reference electrode was not
stitiqy at high temperatures. The potential difference of the50C
Ag(Ag(I) reference vs. Al in AICl2 -NaCl., at 175°C was
fou- I to be 1.090 ± 0.005 V. The platinum quasi-relerence
electrode was used as the reference electrode for the elec- -

trochemical measurements, since the resistance across the 50 250 3o ,5 550

Pyrex membrane was very high. The potential differences a..nu.m.r [co-I)

between the platinum quasi-reference and the silver refer- 1ig. Typed RNO sper Of the0 Aqui phm of NoAIC -NF
ence electrodes were measured using a high impedance (a9.86-10.14 m/o) mal at _09en woerm (550, 400, and
multimeter (Keithley 173A) before taking any voltam- 250M. Zidtto wwleng1ib, 488.0 -; eika powur,
mograms. In this report, the potentials given are with re- 400 mW, bandpas, 3 on-'.
spect to the silver reference electrode.

The exhaustive electrolyses were performed using a large
surface area glassy carbon crucible as a working electrode. spectrum was acquired after 30 min of equilibration. Next,
An aluminum coil sealed in a glass tube and separated by a the temperature of the sample was gradually lowered and
beta-alumina diaphragm was used as a counterelectrode. equilibrated at the lower level for at least 30 min prior to
We found that a beta-alumina diaphragm was suitable for data acquisition. The frequencies of the observed bands are
the exhaustive electrolysis of a species with high vapor presented in Table I. The frequency of band 4 was obtained
pressure since it is a good sodium ion conductor and is by deconvolution of band 3 and band 4 using a nonlinear
gas tight, least squares curve fitting technique. The deconvoluted

All handling of melts and solutes was done in a nitrogen bands were integrated to determine their areas. Bands 1, 2,
filled dry box (moisture level <2 ppm). Cells and ampuls and 3 were assigned to AICI; species and band 4 to the
were torch sealed under vacuum (<50 m'brr). fluorochoro species, AIC13F-. 21 It is important to note that

An EG&G Princeton Applied Research (PAR) poten- the band for the fluorochloro species, AlClF-, is observed
tiostat/galvanostat (Model 273) connected to an IBM com- at lower temperatures (even at 200°C). The ratio of
puter (PS/2 Model 70 386) utilizing the PAR M270 software [AlC13F-/AICIl] in the liquid phase was approximately
package was used to obtain cyclic, normal pulse, and constant in the temperature range studied since the area
square wave voltammograms. ratio of Sd/SB.d was nearly independent of the temper-

Raman spectroscopic measurements were performed as ature. It appeared that only a relatively small amount of the
described previously,"," A furnace of the proper optical fluoride species precipitated at lower temperatures. This
design was constructed in-house and enabled the detection conclusion was supported by the chemical analysis of the
of Raman signals at 900 to the excitation beam. Fairly high liquid phases at 350 and 250°C, which contained 1.3 w/o
power levels, typically 400 mW, were required because of and 0.86 w/o F, respectively, [the theoretical F content is
losses at the windows of the furnace. The monochromator 1.06 w/o in the NaAICl4-NaF (89.86-10.14 m/o) melt].
slits were set for a bandpass of 3 cm-'. The results from Raman spectroscopy were in good

Ultraviolet-visible absorption spectra were recorded at agreement with the x-ray diffraction studies of the precipi-
room temperature (25*C) in 10 mm path length quartz cells, tate from the same melts at 250°C since the main compound
using a Hewlett Packard 8452A diode array spectropho- in the precipitate was identified as NaCl. Frnm these re-
tometer or a Varian Cary 219 spectrophotometer. sults, it is reasonable to conclude that the sodium chloro-

The chemical analyses were performed by Schwarzkopf aluminate melts containing 10.14 m/o NaF, at temperatures
Microanalytical Laboratory, Incorporated. below the liquidus point are fluorochiloroaluminate melts

saturated with NaCl.

Resubs The voltammetric characteristics of the fluorochloroalu-
minate melt differed from AlCl3-NaCl~t melt at different

Characterization of the fluorochloroaluminate e. temperatures. Typical cyclic voltammograms at a tungsten
In this study, we focused our attention on the electrochem- electrode at 450°C in these melts are shown in Fig. 2 and the
ical behavior of tantalum(V) in sodium fluorochloroalumi- cat: "dic limits are listed in Table H". The cathodic limit
nate melt, NaAIC14-NaF (90-10 m/o). Sato et al.'
investigated the phase properties of fluoride-containing
sodium chloroaluminate systems using differential thermal
analysis. Their results indicated that the system NaA1CI4- Table .R, man spectral d far th iquid phae of th NoA&1-C4
NaF (90-10 m/o) exhibited two-phase transition tempera- (89.86-10.14 m/o) syslm.
tures, 395 and 152°C. Although some solid material precip-
itated from the solution at temperatures 2:2000C, the t Band I Band 2 Band 3 Band 4 SB.d 4
amount of liquid phase was sufficiently large to permit the (°C) (cm -') (cm - ) (cm-) (cM-r) SsW
use of this melt over a large temperature range.

Since it is important to know the composition of the liq- 550 119.8 182.8 346.5 376.6 0.062
450 119.4 184.0 347.9 379.2 0.061uid and solid phases of the fluorochloro melts at tempera- 400 121.2 184.6 348.7 380.7 0.060

tures lower than the liquidus point, the liquid phase was 350 119.2 183.6 349.3 382.3 0.057
analyzed by Raman spectroscopy and chemical analysis, 300 121.0 183.8 349.9 383.1 0.059
and the solid phase was characterized by x-ray diffraction. 250 119.6 183.0 350.3 384.4 0.059
Figure 1 shows the Raman spectra of the liquid phase of 200 119.9 183.3 351.0 385.1 0.059

NaAICl4-NaF (89.86-10.14 m/o) melt at several tempera- Ss 4 /Ss, 3 isthearearatioofband4overband3.Theareaswere
tures. First, the sample was gradually heated to 550°C, at obtained by integrating the deccnvoluted band 3 and band 4, re-
which temperature it was completely molten, and then the spectively.
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shifted to more positive values in both melts as the temper- E M vs AAgO

ature was increased. The cathodic limit of the melt contain- Fg. 3. Typicol cyd af k i~mk&= at a ds
ing NaF was more negative at high temperatures than that # (0 |75 m Y.), in dw AK64-oc wek waht SAS
of the melt without NaF added. This fact is important *in × 10 -" nwd/l Tod,, at 0.1 V/s; (b) in Ihe NAKL-NaI (90-10 m/o)
studying the electrochemical behavior of Ta species, since mae w 37.6 x 10-3 rfij/kq TA C 0.5 V/S.
the most negative reduction wave is very close to the ca-
thodic limit (see below). An additional advartage of the
flNorochloro melts over the saturated chloro melts is that NaCl-saturated chloro melts are slightly more positive
tlW..fluorochloro melts contain enough C1- ions to complex than the corresponding waves in the fluorochloro melts at
the Ta " species as TaC1j in the TaCIs concentration range the same TaC15 cuncentration. The cyclic voltammetric be-studied (<0.3 mol/kg). havior seems to be more complicated in the chloro melts at

Te asoicreased. he caho limmt o the mel t con-less high T pCI concentrations (>ca. 50 amM) because TaC1 and
positive potentials than in the chloro melt at high tempera- TaCd1 coexist in the chloro melt according to our recent
tures. This is believed to be clue to the higher free C1- activ- Raman studies of the melt with a higher TaCI4 concentra-ity in the former melt. tion. These results indicate /a as th e concentration of

The electrochemical behavior of a glassy carbon elec- TCI in the melt is increased the relative concentration of
trode in this melt was identical to t aungsten TaCa to TaCI increases as the concentration of Ci- de-
electrode, while the behavior of a Pt electrode was compli- creases due to complexation with TaCI5. In the fluorochloro
cated at high temperatures (>300C) by the formation of melts, only TaCI was observed in the TaC concentration
Ai-Pt alloys. range studied, <0.3 mol/kg. Therefore, the electrochemistry

Cyclic voltammetry.-Several electrochemical tech- of tantalum(V) species in the fluorochloro melt (10 m/o

niques, including cyclic voltammetry, normal pulse NaF) is the primary emphasis of this paper and the follow-voltammietry, square wave voltammetry, and exhaustive ing discussion te ch t accoringthe tuorochloro melt
electrolysis were used to study the electrochemical behav- unless Otherwise specified.
ior of tantalum species. Two main reduction waves were observed at lower temn-

Figure 3 shows typical voltamograms of tantalum(V) peratures . The first one (c) was well defined while the
obtained in the ACl NaC. melt (Fig. 3a) and in the fluo- second one (3c) was poorly defined. The anodic behavior

rochloroaluminate melt, NaAICI4-NaF(90-10 m/o) (Fig. 3b) was strongly dependent on the reversal potential. One oxi-at 250C. For convenience, the last cathodic wave is re- dation wave ( ) was observed, which corresponded to

ferred to as wave 3c since a new peak appears at high tern- wave lc when the reversal potential was more positive than
peratures at a potential between the first and the second that of the onset of wave 3c. Two new anodic waves (3a andwaves observed at low temperatures. It may be seen that 4a) were observed when the potential was reversed at po-
the electrochemical behavior of the tantalum(V) species in tentials corresponding to wave 3c. It is interesting to note
the chloro melt is similar to that in the fluorochoro melt. It that the small anodic wave (3a) was associated with wave
is noted that the peak potentials of waves Ic and 3c in the 3c while the anodic wave 4a appeared at a much more pos-

iive pomential than that of wave a. Wave 4a had the ap-
pearance of an anodic stripping wave of an insoluble spe-

T lL C= = = & cMic imi d,& O heNrNaC ,m* cies on the electrode surface.Figure3 shows typal- v 10o ms oallV) pre The cyclic voltammetric behavior of the first redox cou-

ple (lc and Ia) of tantalum(V) at a tungsten electrode wast in e e (g ) a i Ef-Euo found to be a function of the scan rate and temperature
(200 and 250srg as depicted in Fig. 4. As the scan rate was

200  -1.214 -1.171 0.043 increased and the temperature was decreased, a cathodic
250 -1.191 -1.196 -0.005 shoulder (lc') became more prominent. At lower scan rates
300 -1.130 -1.192 -0.062 (<0.5 V/s at 250oC), the shoulder almost disappeared. As
350 -1.090 -1.188 -0.098 shown in Table , the cathodic peak potentials of wave c
400 - 1.069 - 1.182 -0.113450 -1.020 - 1.130 -0.110 shifted to more negative values with an increase in the scan

rate, while the half-peak potentials were essentially inde-
Ea, the potentials at , i 0, weri determined bytextrapolating the pendent of the scan rate. It was noted that the ratio p v ,

Al(lt reduction current to zero. Scan rate 0.f V/s. decreased as the scan rate increased.
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4M1 T"l IV its boi&m cne ~m *F E,
mid EWW hr die& e duadle. ww n. un~r

sh.at 250C and 0.1 V/s.
TaCl

(X 102 1mel/kg) LFMEW(V

12.3 -0.551 -0.406
34.0 -0.544 --0.441

U, Ca - -1.6 37.6 -0.544 -0.445
79.5 -0.527 -0.432

o0 138.8 -0.517 -0.427

'In the case of the lowest TaCls concentration, wave Ic is signif-e U icantly affected by the shoulder (lc).G-"

4 02 Three main reduction waves (1c, 2c, and 3c) were ob-
served when the temperature was 350C or higher. A small

I0 j -.o - 0o -11 shoulder (3c) also appeared. A new wave (2c) was observed
at high temperatures (Fig. 5) and it became more pro-

10 nounced as the temperature was increased. In other words,
4A - 1 the first reduction wave observed at lower temperatures

split into two waves at higher temperatures. The first wave
LOS . (1c) seemed to change only slightly while the last two waves

0 0 -(2c and 3c) increased greatly as the temperature was
increased.

4LO a The oxidation waves coresponding to waves ic and 2c
were ill-defined at higher temperatures in the overall cyclic

U -- -o0 - voltammograms (Fig. 5) while waves 4a and 4a' at positive

E V v potentials (between ca. 0 and ca. 0.4 V) were very pro-
nounced. It was found that the anodic behavior was de-

FR 4. ii.e amsoc ratedmnpmrbmdpdice ofc .- pendent on the reversal potential and the delay time
se iin hM s knrm/ forst 11d& m oul i (Fig. 6). When the cyclic voltammogram was reversed at a

fluWiVlMWO RAwII34 x 10-sisl/-. T9 (a) =d M) t 25$C, potential corresponding to wave 1c, only wave la was ob-
(c) at 2WC. A k eeode 0.175 rl ed. W) 0.01, served. This indicated that the reduced species correspond-
0.05, 0.1, 0.2 V/s; M 1, 2,5 V/s; W 1 V/s. ing to wave lc was relatively stable at 4500 C. A large anodic

wave (4a) appeared if the reversal potential was extended
to Wave 2c and a delay time was used (Fig. 6b). The corre-

The anodic behavior (la and la') also changed with the sponding anodic waves (la and 2a) almost vanished. When

scan rate. At high scan rates (>0.1 V/s), only one well-de-

fined wave (la) was observed while two anodic waves (la
and la') appeared at 0.05 V/s. Wave la' became the main
anodic wave at 0.01 V/s and 250*C. At a relatively low tem- 3
perature (200*C), the reaction associated with wave la'
dominated the anodic behavior even at 1 V/s (Fig. 4c). 1%n 2

The cathodic shoulder (1c') was not observed at a higher
TaCI, concentration (75.4 10-3 mol/kg). Both the peak
potential and the half-peak potential of wave l tended to 0 U
shift to more positive values as the TaCl5 concentration 2&
was increased (Table IV). The slope of E, or EO vs. In (c)
was determined to be in the range of 19 to 25 mV, which
agreed with the expected value of 22.5 mV at 250*C for an
EC reaction." % V C

The overall cyclic voltammograms of tantalum(V) at a Al
tungsten electrode were influenced by the temperature. -0
Typical cyclic voltammograms of tantalum(V) species at -
temperatures ranging from 300 to 450C are shown in
Fig. 5.

TleE. Cwlc bmee " for *e fiRn* reducdio ww 0

of geii4(34X10_3 mel/kg) i doe NmGldr1uI
(90-10,m/o) nielt.

vi(V/s) E,,,(V) Ew.,,(V) 4,e/V' 0/

0.01 -0.538 -0.453 10.43 a,
0.05 -0.537 -0.446 8.96
0.10 -0.544 -0.441 8.54 I I I
0.20 -0.554 -0.441 8.11
0.50 -0.578 -0.440 7.83 06 0.2 -02 - -1.0
1.00 -0.595 -0.437 7.45
2.00 -0.631 -0.447 6.86 E (V) w A/AgC
5.00 -0.667 -0.449 6.71

f in mA. of knoabunM at a '% s- m- de - 0 .175 c-"in ir ele-re
Tngsten electrode area: 0.175 cm'. aielt widh 37.6 x 10- mel/kg 1I at (a) 3000 C, Ib) 350C, Ic)

Temperature: 250*C. 40(C, and (4 450*C. The scan rate was 0.5 V/s.



Sresults are s ad in Tble V. It was found that the

. sloe of thes plots r wave I agreed well with the
-el " Aretical values of (RT/xF) for x = 1 in a wde t ma

A/ range. A reasonable plot for wave I at 350-C ould not be
se obtained since wave 2 is too close to wave 1. Linear rela-

tions of 8 vs. In ( - I)/I for wave 2 were a1so found at 400
.aa. ,e to 450*C. An n- value of ca. 2 was found while the limiting

-- , o , . . ,current ratios of wave 2 over wave 1 were approximately 1
as mentioned above.

The plots of E vs. In [(Id - 1)/1l for wave 3 were not linear.
0 w The formation of a large amount of solid material on the

electrode surface was observed at these potentials. The lim-
s iting current ratio of wave 3 over wave I was about three at

400-450*C, while it was approximately one at 353*C.
Square wave voltammetry.-Ramaley and Krause" 3 de-

is veloped the theory of square wave voltammetry for the
hanging mercLry drop electrode; however, the treatment

s4 -& -so 4 was limited to small step heights (and consequently, slowscan rates). Osteryoung and coworkers have made Sig-

nificant contributions to the theory of the square wave
voltammetry including systems with coupled chemical re-
actions. Square wave voltammetry has previously been ap-

b ~ plied to studies of molten salt solutions 3 '

In the square wave voltammetry used in this work, the
currents are sampled at the end of both the forward and
reverse halves of the cycle. The net current is the difference
of the forward current and the reverse current. For a simple
reversible reaction, the net current-potential curve is bell
shaped and symmetrical about the half-wave potential,

E (V) vs A8GM4 and the peak height is proportional to concentration. The
Fig.& Vaclso ndeloydievodibe mar pshape of the net current voltammogram is relatively insen-

------ sitive to a variety of common complications in voltammet-OF de37A x 0-3 j o at a Muc rie experiments. The theoretical relationships for a re-doro(0.175 cml ) a* 40C Ir%* sn rob was

O.V/s. In Md m w e (a aen:sand 10 s; (c 0 s versble reaction are as follows for a pulse height of E,
omd2. 25mVu

W1/ = 3.91RT/nF 1]

the reversal potential was extended to the third cathodic
wave, the large anodic wave was composed of two waves = 1.95RT/iF [21
(4a and 4a') (Fig. 6c). A relatively small stripping wave (3a) where W1,2 and Wim represent the total peak width and the
was found in the cyclic voltammogram with a short delay fre wi a t W a heigt The to ea ion a y
time (2 s). During the electrolyses or electrodeposition us- front peak width at half height. These two equations may
ing a small electrode, an insoluble black deposit was be used to estimate the d-values of reversible electron-
formed at potentials corresponding to the second or third transfer reactions preceded or followed by a chemical reac-
wave. The black deposit was found to dissolve in ethanol ton since the peak width is not significantly dependent on
forming yellow or green solutions. The spectra of these so-
lutions are discussed below.

Normal pulse voltammetry.-Typical normal pulse 3
voltammograms of Ta(V) at a tungsten electrode at differ- OWA
ent temperatures are shown in Fig. 7. It was evident that
these voltammograms were strongly dependent upon tem-

perature. At lower temperatures (<300°C), two main ca-
thodic waves (waves 1 and 3) were observed. As the temper- 2
ature was increased to 3500C or higher, another wave (wave
2) was observed; this wave became more pronounced at 400
and 450"C. The third wave (wave 3) grew significantly with
temperature. This wave exhibited a maximum at a lower 0 -
temperature (<350°C) when a short pulse width (0.1 s) was -

applied (Fig. 7). The maximum was diminished at a long 0
pulse width (>0.5 s). The second wave was steeper than the
first wave although the ratios of the second limiting cur- 0
rent over the first limiting current were close to unity at 350
to 4500C (Table V). 0 W

According to Flanagan et al.," no visible anomaly is
present in the normal pulse voltammograms when only the 0
reduced species are adsorbed. For a CE or EC process, plots 0
of E vs. n [(Id - 1)/I have the same slope as that for a
simple redox reaction without a preceding or following -
chemical reaction.' Therefore, we can use the plots of E vs. &0 -02 -14 -o. -02 -1.0 -1 -1.4

n [(Id - 1)/I] to evaluate the n-values of waves 1 and 2 E M vs AgjAga

although these two waves may involve a following or a NW17.N pukle kwk0m, t mae d mi,
preceding chemical reaction. N 4_W (- ./wkatIa) 2 N00 250, (c) 300, (cl 350,

The plots of E vs. In [(Id - 1)/I] for wave 1 at both 200- (9 400, and T 4Cuun .Iacmd: 0.175 cm
2; TaWs a -

3000C and 400-4500C gave excellent linear curves. Typical hlalan: 37. x 10- md/kg. pke widilu 0.1 s; sp am 0.5 s.
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b X Nusd -d vshmmak " fo h ,tdsm of AM 137A x 1o md* i n d- I- a

Pee/S SLJMV Atfn /mfV K
M t/s X U

00 0.1 45.5 -0.481 0.40
0.6 0.90

200 1.0 40.6 -0.470 0.71
5.0 1.01

250 0.1 45.4 -0.488 0.53
0.5 0.99

250 1.0 41.9 -0.486 0.50
5.0 1.07

300 0.1 46.9 -0.471 0.79
0.5 1.06

300 1.0 48.4 -0.505 1.19
5.0 1.02

350 1.0 63.5 -0.565 0.82
5.0 0.64

400 0.1 55.8 -0.409 29.5 -0.639 1.11 2.9
0.5 1.05 1.97

400 1.0 58.3 -0.416 31.4 -0.640 1.30 3.17
5.0 0.99 1.85

450 0.1 59.2 -0.407 31.9 -0.649 1.30 3.33
0.5 1.05 1.95

pee: pulse width; at: step Ume; SL: the slope of X i. ln((4d - 1)/Il; x: nunbe of elections.

the characteristics of the coupled chemical reactions and is lower than 3000 C, it became well-defined at higher temper-
close to the theoretical value for a simple reversible elec- atures.
tron transfer reaction although the peak potential shifts The peak heights and peak widths of wave I can be di-
negatively or positively. rectly determined from the experimental results- For the

Figure SA shows typical net-current square wave case of wave 2, it is necessary to separate wave 2 from wave
voltammograms of tantalmn(V) at a tungsten electrode at 1. Since the net-current voltammograms are bell-shaped
temperatures from 200 to 450WC. These voltanmmgrams and symmetric, the "back side" curve of wave I may be
were strongly dependent on temperature in agreement with obtained by a symmetric extension. The "front side" of
the cyclic and normal pulse voltammograms discussed wave 2 is obtained by subtracting the back side of wave 1
above. Only one well-defined wave (wave 1) appeared at from the experimental curve at the corresponding poten-
200"C. As the temperature was increased to 3000C or higher, tials. A typical result is shown in Fig. 8B. The peak height
a new wave (wave 2) appeared, and this wave became much and width of wave 2 can be determined from the resulting
better defined at temperatures higher than 350"C. This wave.
wave shifted to a more negative potential with tempera- The peak potentials and widths are presented in Table VI.
ture. Although wave 3 was ill-defined at temperatures It is obvious that wave 3 shifted to more positive potentials,

3 "(
2 3

5 p

4 2

3-

I

P 2

I
-0 B12

M3 ILU

N A_ _1 4 ' 1 -

a* -U -&4 -1 -0.3 -1.0 -12 -A 0.0 -02 -0.4 - -0. -1.0 -1,2
f. VS A004PE MvsAfAgO
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9MeSM ud WmA) NJ ZWMV WAPMV) NOaIr ISO -0.461 83.0 0.5
2" 10 -0.452 70.0 1.13
250 100 -0.453 84.0 1.04
280 16 -0.452 8.0 1.29
304 100 -0.420 110 0.87
350 100 -0.443 97.0 1.08 -0.555
250 10 -0.434 72.0 1.45 -0.578 54.0 1.94 1.18
400 100 -0.446 110 1.03 -0.628 56.0 2.02 0.86
400 10 -0.422 90.0 1.25 -0.610 57.0 1.98 1.13
450 100 -0.425 120 1.01 -0.631 59.0 2.06 0.89
450 10 -0.426 120 1.01 -0.628 60.0 2.02 1.17

t('C} Ffq.AHx ZW Wu/(mV) I /1//,

350 10 B.L1. -1.058 58.0 1.80 2.47
B.L.2 -1.058 51.0 2.05 2.17

400 100 B.L.I -1.080 79.0 1.43 2.32
BIL2 -1.08 73.0 1.55 2.08

400 10 B.L1 -1.040 75.0 1.51 2.19
B.L2 -1.038 65.0 1.74 1.85

450 100 B.L.1 -1.023 73.0 1.66 2.31
B.L.2 -1.023 62.0 1.96 1.84

450 10 B.L.1 -1.002 81.0 1.50 2.13
B.L2 -1.002 63.0 1.93 1.63

pEs 25 mV; AN a 2 MV.
-vanus were calculated from W1u= 1.95 RT/ F
WVN the frout pea widths.

SB line (we Fig. 8B).

while wave 2 moved in the opposite direction as the tern- Only a very weak band with an absorption maximum at ca.
perature was increased. The position of wave 1 was 330 nm was observed using UV-visible spectroscopy.
changed only slightly. The peak height ratios of wave 2 over The electrolysis at -1.0 V and 205°C was carried out to
wave 1, I /4, are dose to one although they were slightly investigate the last reduction wave (see Fig. 3). The voltam-
higher than one at a low frequency (10 Hz). The ratio of metric changes were monitored by interrupting the elec-
wave 3 to wave 1, Iw/l , was found to be between 1.6 and trolysis and using a tungsten working electrode in this cell
2.5; it decreased slightly with an increase in temperature. to record the voltammograms [cyclic voltammograms (CV)
The calculated a-values are given in Table VI. The n-value and square wave voltammograms (SWV). The cyclic
for wave 1 was close to unity although errors may be pro- voltammograms before the exhaustive electrolysis were
duced due to the shoulder observed in the cyclic voltam- identical to those shown in Fig. 3b. The electrolysis current
mograms at a lower temperature (3000C). The number of decreased markedly from 70 to 3.6 mA in the first 2 h. It was
electrons involved in wave 2 was found to be two and that also noticed that the first reduction wave at the tungsten
for wave 3 was between 1.5 and 2.05. These results are in electrode decreased with time and disappeared after 1.8 h
good agreement with those obtained from normal pulse of electrolysis. The n-value at this point was found to be
voltammograns (Table V). 2.73 which was close to the n-value of 2.67 for reducing

Figure 9 shows typical square wave voltammograms for Ta(V) to the Tah" cluster. The voltammograms showed a
the forward and reverse currents. Three anodic waves were significant change. Typical square wave voltammograms at
observed corresponding to the three cathodic reduction the tungsten electrode after 1.8 h are shown in Fig. 10a.
waves even at a higher temperature while these anodic These voltammograms were very similar to those for a
waves were poorly defined in the cyclic voltammograms Ta.Clf cluster coating on a glassy carbon electrode in
(Fig. 5 and 6). This may be due to the fact that the time AlCls-NaC. melt (Fig. 10b). At this point the electrolysis
between reduction and oxidation in square wave voltam- current had decreased to 3.6 mA, and the electrolysis be-
metry was so short that only a small amount of the reduced came very slow. We also found that the current of the
species was consumed by the following chemical reactions, square wave voltammograms at the tungsten electrode for
The chemical reaction following the electrn charge trans- the tantalum cluster gradually decreased (Fig. 10c). The
fer in wave 2 became faster at a higher temperature (450C) final n-value was observed to be approximately five. When
as indicated by the fact that the anodic wave (wave 2a) the electrolysis was completed, the waves for the tantalum
almost disappeared at low frequencies (compare Fig. 9c cluster disappeared, and the melt became almost colorless.
and d). At a higher temperature, 45 0 C, the n-values were found

to be 1, 5, and 5 for the first, second, and third reduction
Exhaustive and coatroUed-potential electrolyses of waves, respectively, from the exhaustive electrolyses at

Ta(V).-It is clear that the electrochemistry of T(V) in -0.5, -0.75, and -1.0 V vs. Ag/AgCl. The melt became
these melts is complicated by coupled chemical reactions, greenish and finally colorless in the case of the electrolyses
Exhaustive coulometry provides additional information on at -0.75 and -1.0 V; the glassy carbon electrodes
the reduction process since the n-value for each reduction (crucibles) were coated by a shiny metallic film. This shiny
wave can be determined. The electrolyses were conducted film was identified as metallic tantalum by means of
both at a lower temperature (ca. 200*C) and a higher tem- x-ray diffraction.
perature (450*C) at different potentials. Typical results are Additional information for the second reduction wave
summarized in Table VII. was extracted from the square wave voltammogram of the

For the first reduction wave at a lower temperature (see melt which had been exhaustively electrolyzed at -0.5 V.
Fig. 3), the n-value was found to be approximately 2 when The forward width was determined to be 60.2 mV, from
the electrolysis was performed at -0.75 V and 210*C. This which the n-value of 2.02 was obtained. This result was in
result was quite surprising since the value of n = 1 was excellent agreement with that given for this reduction
found from normal pulse and square wave voltammograms wave in Table VI.
as mentioned above. The product dissolved in ethanol or Thick black deposits were formed on small Ni or Pt elec-
distilled water to give an essentially colorless solution. trodes by controlled-potential electrolyses in the potential
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region of the second and third cathodic waves at a temper- A black deposit was also formed on small electrodes at
ature of 45WC. The black deposit which was formed in the the potential region of the second reduction wave at 40C.
third cathodic wave region at 200-40*C, was identified by When this black deposit was dissolved in ethanol under a
x-ray diffraction to contain a tantalum cluster (Ta.C01) nitrogen atmosphere, a greenish yellow solution was pro-
mixed with the melt. Green aqueous and ethanol solutions duced. These spectra were quite different from that for a
were obtained by dissolving this black deposit in distilled Th.Cl solution. Several well-defined absorption maxima
water in air and in ethanol under an inert nitrogen atmos- were obtined at 238, 282, 348, 424, 640, 760, and 826 rnm.
pbre. Both of theme solutions gave the same UV-visible The main absorption bands were in very good agreement
sectrum Several well-defined absorption maxima were with the results of MeCarley et al." for TaCIa in ethanol:

obsvevd at 282,330,39, 470,638, and 748 m. These data 235, 274, 344, 431, 735, and 826 rim. The small absorption
were In excellent agreement with Kahn and McCarleyV maimumn of 640 nm may indicate that the greenish yellow
and our previous results' for TsCIN in aqueous solution, solution also contained a small concentration of TaCl,.
indicating that the black deposit formed at the potential Therefore, we may conclude that the black deposit formed
region of the third wave contained the T0'1: cluster, at the potentials of the second cathodic wave consisted pri-

marily of Ta.C1? cluster species.
IM L 6d A d Ir %M b s Thin metallic tantalum deposits were also found using

NsAKI . -jiO rn/l m& ESCA on the surfaces of the small electrodes which were
obtained in the potential region of waves 2 and 3 after

Tupeature (C) Z(V) vs. Ag/AgC1 a-value dissolving the thick black deposits.

210 -0.75 (wave Ic) 2.05
201 -1.0 (wave 3c) 2.73,- 5.07b cno
490 -0.5 (wave Ic 0.98 Based on the results obtained in this work, it appears
450 -0.75 (wave 2c 4.95
490 -1.0 (wave k) 4.98 that the electrochemical reduction of tantalum(V) in fluo-

rochloroaluminate melts is critically dependent on temnper-
•Thisn-value orrspoi to the time when no reduction wave of ature and is complicated by following chemical reactions.

Tl(V) could be oberved in the cyclic and square wave voltam- Waves 1, lc, and 2, 2c.-As seen above, the first and sec-
moarns at a Pt electrode in the same ceil.

b7f -value was the final value when no waves for the TaCI ond reduction waves, which are observed at a higher tem-
chu from square wave voltammograms were observed. perature, merge into one reduction wave at lower tempera-
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tures. Therefore, we discuss these two waves in the same voltammetr ic time scale at 200--50°C from normal pulse
section. voltammetry (Table V) and square wave voltammetry

The first reduction wave of tantalum(V) was reasonably (Table VI). Also, n : 1 was observed for a relatively long
well defined in the temperature range 200-450C, regard- time scale a higher temperature (4500C) based on ex-

less of the voltammetric method. The i-value involved in haustive electrolysis (Tlable VII). Therefore, we conclude
this reduction wave was de "~ ipo beI one for the that the electron transfer reaction involved in this wave is
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the reduction of a Tah species (believed to be TaCli) to a reduction wave observed at a temperature <300°C is an
Ta species ECEC process which consists of reactions 3, 4, 5 and 6, In

Ta"' + e- = Ta' [3] this process, reaction 3 is the main reaction while the occur-
rence of the remaining reactions is limited due to the slow

for short time scales at 200-4500C and for long time scales following reactions 4 and 6. This reaction sequence ex-
at higher temperatures (>300°C). plains reasonably well the results both from CV, NPV and

The presence of a following chemical reaction is indi- SWV (short time scale) and the exhaustive electrolysis
cated by the shift of the peak potential of wave Ic in the (long time scale). A similar reduction process was previ-
positive direction with increasing tantalumV) concentra- ously proposed to explain the electrochemical behavior of
tion. Additional evidence is provided by normal pulse Ta(V) in acidic AICI3-NaCl melts" at temperatures <200°C.
voltammetry In the normal pulse voltammograms at tem- However, we also notice that the electrochernical behavior
peratures >3500C, the height ratios of wave 2 to wave 1 are of Ta(V) in AICI3-NaCl , and NaAICl 4-NaF (90-10 m/o)
close to one (see Table V). However, the n-value for wave 2 melts is different from that in acidic melts. By comparing
is determined to be two from both normal pulse and square our present and previous results, two well-separated re-
wave voltammograms. The limiting current of a normal duction waves are observed in acidic melts' while only one
pulse wave should be proportional to n and the reactant reduction wave appears in basic melts at low temperatures.
concentration.u4 The above results may indicate that the As mentioned in the introduction, the electrochemical be-
concentration of the product is only about half that of the havior of a tantalum chloride species can be examined only
reactant. Therefore, the following chemical reaction of Ta' after complete removal of the oxide impurities using COC12
is probably the dimerization reaction of the product as or CCI,.
follows A shoulder (wave 1c') appeared in the cyclic voltam-

2Ta4' = Tat [4] mograms at lower temperatures (200 and 250°C) and higher

which occurs slowly at <300*C. scan rates (Fig. 3 and 4). This shoulder became less signifi-
At temperturs low tha 300C thcant at lower scan rates or as the tantalum(V) concentra-
At temperatures lower than 300°C, the differences of the tion or the temperature was increased. This shoulder may

n-value, one in the voltammetric time scale, while two in a be assigned tentatively to the adsorption of the reduced
long time scale (exhaustive electrolysis, Table VII), also species according to the theoretical treatments."', 2

support the existence of the following chemical reaction.
Wave 2 or 2c appeared only as the temperature was Wave 3, 3c.- Unlike the second reduction wave which

increased to 300*C for square wave voltammetry and to only appeared at temperatures >300 or 350°C, this wave
350'C for cyclic and normal pulse voltammetries. The was observed in the whole temperature range studied al-
n-value from the slope of the linear relationship of E vs. In though the peak height was significantly enhanced as the
[(d - 1)/I] was found to be two (Table V). Square wave temperature was increased. The product of the cathodic
voltammetry also produced an n-value very close to two charge transfer reaction of this wave seemed to be highly
(Table VI). Based on these results, it is reasonable V) sug- unstable since the corresponding oxidation wave (3a) was
gest that the electron-transfer reaction in the second ca- very small in the cyclic and square wave voltammograms
tnodic wave is a two-electron reduction. A well-defined (Fig. 5 and 9). Instead, a large anodic stripping wave com-
corresponding oxidation wave (2a) was observed in the posed of waves 4a and 4a' was observed at much more pos-
square wave voltammograms (Fig. 9) while it was not ap- itive potentials (between 0 and 0.4 V). The n-value involved
parent in the cyclic voltammograms (Fig. 5 and 6). These in wave 3 or 3c' was approximately equal to two from
results indicated that the intermediate product (TaU) was square wave voltammograms (Table VI). The electron
only stable for a very short time. The trivalent tantalum transfer reaction may be written as follows
species was also previously observed to be unstable in the
AlCI3-EMIC room temperature melt," and acetonitrile." Ta' + 2e- = Ta 42 [71
This wave involved a following chemical reaction, since a The smaller and ill-defined voltammetric wave at a lower
large anodic stripping wave (4a) appeared v hen a delay temperature (<300°C) resulted from the limited formation
time was applied at the reversal potential of the s&cond of Ta. species by the slow following chemical reaction (re-
wave (Fig. 6). The presence of a preceding chemical reac- action 4).
tion (the dimerization of Ta') for the second reduction The product of this step, the divalent tantalum species,
wave was indicated by the change in the peak height ratios decomposes quickly to form the tantalum cluster TaW' (or
of wave 2 over wave 1 with frequency in the net-current TaCcP;) and metallic tantalum, as indicated by the UV-vis-
square wave voltammograms; the ratio was greater at ible spectra of the black deposit dissolved in ethanol or
10 Hz than at 100 Hz. These results supported the above distilled water and the electron spectroscopy for chemical
assumption about the dimerization reaction of Ta' (reac- analysis of the electrodeposited electrode surface. The re-
tion 4). Ta7UC1 cluster species was found in the black de- sults of exhaustive electrolysis (Fig. 10) also show the for-
posit from the potential-controlled electrolysis at the po- mation of the cluster. The following chemical reaction is
tentials of the second wave at 450°C using a small electrode. proposed
According to these results, the reaction sequence is pro-
posed to be as follows 7Ta = 2Takl + 2Ta°  [81

Ta$ + 2e- = Tal [51 The exhaustive electrolysis results in the transfer of five
electrons (Table VII) and the formation of metallic tanta-9Ta = 6Ta' (or 3Tah.) + 2Tah' [6] lum film. Figure 10c also shows further reduction of the

The trivalent tantalum species (Ta) became less stable tantalum cluster. These results indicate that the Ta6 clus-
as the temperature was increased as indicated by square ter is slowly reduced to metallic tantalum.
wave voltammetry (Fig. 9), i.e., the corresponding anodic Waves 4a and 4a'.- From the discussion above, it is obvi-
wave (2a) was less pronounced with an increase in the tern- ous that these two anodic stripping waves are associated
perature and at a lower frequency (10 Hz and 4500C). with the electrochemical oxidation of the tantalum clus-

The cluster species was slowly reduced to metallic tanta- ters, TaCl, 5 and TaOCI,4 , formed in the second and third
lum, since a five-electron transfer was observed (Table VII) reduction waves (Fig. 5 and 6).
and a shiny metallic tantalum film was formed on the
glassy carbon crucible (with a large surface area) from ex-
haustive electrolysis. This work was supported by the U.S. Air Force Office of

At temperatures lower than 300*C the first and the sec- Scientific Research, Grants No. 88-0307 and No. F49620-
ond reduction waves merged together when the tempera- 93-1-0129.
ture was decreased from 450 to 200°C in C, NPV, and Manuscript submitted Feb. 18, 1993; revised manuscript
SWV studies. Thus, it is reasonable to propose that the first received May 12, 1993.
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ABSTRACT

Raman and UV-visible absorption spectroscopies indicate that the addition of WCI, or KWCI to a sodium chloride
saturated sodium chloroaluminate melt at 175C produces the tungsten(V) hexachloride anion [WCIJ-. The production of
[WCt,- from WC]G may be attributed to the chemical reduction of the latter by the free chloride ion in this melt. [WC-
can be oxidized to WCI. via a reversible one-electron charge-transfer process with a voltammetric half-wave potential of
2.077 V referenced to uluminum in a pure sodium chloride saturated sodium chloroaluminate melt. With fast scan rate
voltammetry,[WCI- can be reduced to [WCJ 2 - and [WCl]'- via two consecutive one-electron reduction processes with
half-wave potentials of 1.578 and 0.818 V, respectively. Both [WCIJ- and (WCI.J - form precipitates in this melt at this
temperature. Uing slow scan rate voltammetry , the reduction processes are complicated by coupled chemical reactions.
Tungsen( VI) oxyhloride, WOC14, is stable in this melt, and can be reduced to tungsen(V) oxychlonde via a reversible
one-eectron reduction process with a half-wave potential of 1.746 V. Absorption tco shows t the tungsten(V)
chloride is [WOCIX-. Fast scan rate voltammetry indicates that tungsten(V) o yoride exbits a two-electron reduction
process to prduce a W(I) species. At slow scan rates, the reduction appears to be complicated by coupled chemical
reactions. Definitive characterization of the reduction mechanisms is prevented by film formation on the electrode surface
during these reductions.

Tungsten exhibits a wide variety of oxidation states, KWCI, is dissolved in basic aluminum chloride-l-methyl-
ranging from +6 to 0; some of these states involve cluster 3-ethylimidazolium chloride (AIC1-MEIC), [WCIJ- is ob-
species such as W,Cl 2. A few years ago we reported the tained, and this species can be reduced to [WCI]P- and
results of electrochemical and spectroscopic studies of [WCl3- via two consecutive reversible one-electron reduc-
tungsten hexachloride in AICI-NaCl [63 mole percent tion processes. The metal-bonded tungsten(I) dimer,
(m/o) AICI] melt at temperatures of 150 and 175°C.1 W(VI) [WCI.] -, is also stable in this melt and can be oxidized to
was involved in an equilibrium between two electroactive [WCl.-, which disproportionates slowly to [WCl]J- and a
species, the hexachloride, WCI., and the oxide tetrachlo- tungsten(ff) species, which in turn is oxidized to [WCI]2-

ride, WOC14. Several reduction steps were observed for at the same potential as that for the oxidation of [W2 ClW]-.
WCI before the cathodic limit of the solvent; only the first The addition of oxide to this melt did not cause any change
step resulting in the formation of WCI was investigated in in the observed electrochemical behavior of the tungsten
detail.' species studied.

It is well known that the chemistry and the electrochem- Other work on tungsten species in A1CI3-NaCl melts has
istry of some elements, including tungsten, are influenced involved the formation of the cluster species WCI by the
significantly by the modified Lewis acidity of the chioro- reduction of WCI. with aluminum metal at approximately
aluminate solvent system. It has been realized in recent 450*C in acidic (AICl3-rich) melts' and the formation of a
years that even the purest alkali chloroaluminates contain reduced cluster (oxidation state between +2 and 0) by the
millimolar quantities of complexed oxides which may re- electroreduction of WCI,, in acidic A1CI3-NaCl melts.'
suit from the interaction of some melts with Pyrex glass. Relatively few studies of the electrochemistryof tungsten
Therefore, we have developed methods for the removal of chlorides in other molten salt systems have been reported.
oxide from alkali chloroaluminate melts based on the Several investigations of the electrochemical behavior of
treatment of melts with phosgene, COCI2 , and carbon tetra- different tungsten chlorides in molten LiCl-KC"" have
chloride, CCI,.3'4  been published. For example, Zuckerbrod" reported that

In prior studies of W(VI) electrochemistry and spec- W(V) can be reversibly reduced to W(IV), which can be
troscopy in basic AIC13-NaCl (AICI3/NaCl mole ratio < 1) reduced further to W(U) in the LiCl-KCI eutectic, while
melts, oxide contamination could not be entirely avoided.1 " Sequeira"' claimed that W(V) was reduced to W(I) in the
Therefore, we have reexamined the chemistry of W(VI) and same melt. Katagiri et al. have obtained coherent metallic
of the lower oxidation states of tungsten in AICI3-NaCl tungsten deposits from the ZnCI2-NaCI melt through the
melts saturated with NaCI which have been treated with reduction of WCI, at 450*C.
either COCI, 3 or CC.. 4 The results of this work are re-
ported below.

Of direct relevance to this study is the work of Scheffler Dry box system.-Because of the air- and moisture-sen-
and Hussey' who have shown that when either WC1, or sitive nature of the tungsten compounds and of the molten

SElectrochemical Society Active Member salts used, these materials were handled under a nitrogen
Present address: National Cheng Kung University, Taiwan, atmosphere inside a Vacuum Atmospheres dry box

China. equipped with a dry train/oxygen removal column. The
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mogtkm Wvd inlid this dry box was typically less than written by Professor Benmard Gilbert at the Univermty of
2 ppO. Laiege.

Chemicea.- -The aluminum chloride was obtained from Spectroscopic measurments.-Absorption spectra in
Fluka (anhydrous, 99%) and purified twice by sublimation the UV-visible region were recorded with a Hewlett Pack-
at 210'C. The sodium chloride was obtained from Fisher ard 8452A diode array spectrophotometer While COC12 or
Scientific and was dried under vacuum at 450*C for 4 days. CC14 treatment helped to minimize the oxide level in the
The chloroaluminate melts were prepared by mixing the chloroaluminate melts, millimolar oxide concentration re-
appropriate amounts of aluminum chloride and sodium mained even after the treatment. Therefore, a sufficient
chloride. Pieces of aluminum metal (AESAR, 99.999%) amount of the appropriate tungsten compound was added
were Added to the melt to remove the base metal impurities to the melt to ensure that the relative concentration of oxo-
in the melt. Finally, the melts were treated with COC12

3I or tungstate species produced was much lower than the con-
with CC14 ' to remove oxide impurities. centration of the analyte. The resulting solutions required

Tungsten hexachloride, WCI., and tungsten oxide tetra- narrow spectroscopic cells. The shorter paths were
chloride, WOC4, were obtained from Aldrich (99+%) and achieved by placing a 0.9 mm wide quartz insert into a
purified by sublimation at 180 and 110 0C, respectively. I mm pathlength quartz cell.
WCI4 was obtained from Aldrich (97%) and used without s a
further purification. Potassium hexachlorotungstate(V),
KWCO, potassium hexachlorotungstate(IV), KWCI6, WCI. and KWCI.-The addition of either WCl, or KWC1,
and tripotassium nonachloroditungstate(IIl), K3W2 CI,, to the AlCl3-NaCl, melt at 175°C produced a yellow solu-
were synthesized following the procedures described tion. Upon cooling, the frozen solutions turned blackish
previously.5  green, a color similar to that of solid KWCI4 . Raman spectra

of these solutions are illustrated in Fig. 1. The observed
Eect rochemcal meaarments.-The electrochemical band frequencies of the stronger bands of the tungsten spe-

cell contained four electrodes. A glassy carbon disk (with a cies are listed in Table I. The Raman spectrum for the puregeometric area of 0.071 cm2 ) served as the working elec- melt in Fig. ld exhibits bands at 120, 184, 350, and

trode. The counterelectrode was an aluminum spiral which 490 cm. Figure lb shows the Raman spectrum of 98.9 mM

was immersed in a pure AlCls-NaClmt melt separated from KWCI,. AiCls-NaC s. In addition to melt bands, only one

the bulk solution with a fine porosity frit. The use of an major band at 394 cm -, is present. This band can be as-

aluminum spiral as the counterelectrode was critical for sig nd t he v -io ofe[ent. The aman spec-

exhaustive controlled potential electrolysis experiments; trum of 100.3 mM WCs in AlC 3-NaCL is shown in Fig. la.
the use of other metals such as platinum or tungsten led to Two bands at 394 and 410 cm- are observed along with the
unsatisfactory results. A small hole at the top of the coun- solvent bands. Tanemoto et al. 6 previously reported a band
terelectrode above the melt balanced the pressure between for WCI. in AICI3-NaClt, at 410 cm - ' which was attributed
the counterelectrode compartment and the bulk cell com- to the v, vibration of WCI,. These results were supported by
partment. The reference electrode consisted of an alu- the results of other Raman studies of WCre.ul However, the
minum wire immersed in an AICIs-NaCIat melt and sealed concentration of W(VI) examined in this study was lower
in a thin Pyrex bulb. A platinum wire directly immersed in than the solution concentration studied by Tanemoto et al.
the bulk melt was used as a quasi-reference electrode. Dur-
ing the electrochemical experiments, the potentials were
referenced to the platinum quasi-reference electrode, since
the resistance across the Pyrex membrane of the reference
electrode was very high. After each experiment, the poten-
tial was corrected with respect to the aluminum reference a
electrode by measuring the open-circuit potential between
the aluminum reference electrode and the platinum quasi-
reference electrode. The entire electrochemical cell was
heated in a furnace and the temperature was controlled at
175-C unless otherwise specified.

Electrochemical experiments were performed with
Princeton Applied Research (PAR) Model 273 potentiostat/
galvanostat controlled with an IBM PC and PAR M270 soft-
ware.

Raman spectra.-Raman spectra were acquired with a
scanning Jobin-Yvon 2000M 1 m focal length double
monochromator. Scanning was controlled by an Instru- -
ments S. A. (ISA) 980015 Controller. The excitation wave- C
length was the 488.0 or 514.5 um line from a Coherent In-
nova Model 1100-15 argon ion laser. The tungsten
compounds produced highly colored solutions which were
somewhat difficult to analyze by conventional 900 scatter-
ing. Although the laser beam path was 900 to the collection
lens of the monochromator, scattering from the front sur-

face of the square cell, taking care to direct the specular
reflectance away from the collection lens, produced the A
best signals. The laser power was typically set to 200 mW
The monochromator slits were set to give a bandpass of
3 cm- 1. Raman signals were detected by an RCA C31034A
photomultiplier tube mounted in a Products for Research
thermoelectrically cooled photomultiplier tube (PMT) 200 300 400 S0o 600 700 g00

housing. The PMT output was connected to a Pacific In-
struments amplifier/discriminator for pulse shaping for Wavenumber (cm )
photon counting by a Pacific Instruments Model 126 Pho- Fi. 1. Raman spraoF dlunaslm hiedsd uakd i A.idwA-
tometer A trigger on the ISA controller controlled data NAod= mskt 175t (a) 100.3 mMa FWV, (h 98.9 mM oKWCL
acquisition by a Keithley Metrabyte CDAS-8PGA plugged (49.1 mM oF WdA wilh excess amimt of Nod, and (4 pre
into an IBM PS/2 Model 55SX computer. The software was A1 3-NoCL ma.
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11" L llm fobesp dt r Ob. dr" bends Table L Abswrpias Spedrascepic Da. for IUgs CampI...

Solute Solvent L.-, nM Ref.
species Wave numbers Ref.

WCI. vapor 225(m), 275(sh), 330(s), 1
WCIin AICI-NaCl 410 s (vi) 6 375(sh), 430(w)

(6"7 m/o) 23CC WC. basic 275(sh), 299(s), 347(m), 7
WCI, solid 410 s (ps) 17 AICI-MEIC 390 (sh)
WCI in CHNOs 437 s (v,) 22 KWC1, basic 275(sh), 298(s), 350(m), 7
WCI in AXCl 8-NaCI. 394 m. 410 s this work AICl3-MEIC 390(sh)
WC. in AlC"-NaC., 394 m this workb KWC4 CHCN 246(m), 275(sh), 297(s), 7

with excess NaCl 347(m), 390(sh)
KWCI._n AlCl2-NaCL, 394 m this work' WCI AIC13-NaCIl, 288(s), 338(m) this work

nW i - I 382 m (v') 16 KWCl, AICI,-NaCl. 288(s), 338(m) this work
WOC,. 411 m (pv) this work WOC14 vapor 220(s), 250(sh), 270(sh), 1

355(s), 460(w)
WOC, toluene 355(s) 23

Fiur Ia. WOCl,. AIC13-NaCl 228(s), 360(s) 4(63-37 mol%)
-b. WOC14 AlC13-NaC.. 230(s), 360(s), 460(w) this work

Abureviations: a, strong; m, medium. CsWOCI, HCIJ, 225(s), 269(s), 305(sh), 21
397(w), 704(vw)

KWCI, AICl3-NaCL., 268(s), 306(sh) this work
excess NazCO3

The most likely species giving rise to the band at 394 c i1

is [WCI,1- by comparison with the results for KWCIG in Abbreviations: s, strong; sh, shoulder; w, weak; vw, very weak.
solution. These results suggest that WCI. must have reacted
with the melt to produce [WCI.J - . It is likely that WCI. was
reduced by the free Cl- ions in the melt. Consequently, the KWCl, solutions are essentially identical to one another.
conversion of WCO, to [WCI. - depends upon the concen- Furthermore, they are similar to the spectra reported for
tration of available Cl- ion in the melt. In a typical AlCl3- [WCI,- ion dissolved in the basic AIC13-MEIC room-tem-
NaClw melt, the C1- concentration is normally about perature melt.' The spectra for wavelengths shorter than
30 raM, " and thus not all of the WCI. that was added to the 240 rm are not included for these solutions, since the UV
melt in Fig. la can be reduced to [WC1]4

-. When an AICI.- cutoff of the melt occurs near this wavelength. Neverthe-
NaCL., melt containing 98.1 mM WC 4 was treated with an less, these results strongly support the Raman results; i.e.,
excess amount of NaCl to ensure that sufficient Cl- was WCI. dissolved in AIC13-NaClt exists as ionic [WCI4j- in-
available, and kept molten at 200*C for 72 h, the Raman stead of molecular WCl6, provided that there is sufficient
spectrum shown in Fig. Ic was obtained. The decrease in CI- ion in the melt. The conversion of WC, to [WCUX- has
the intensity of the 410 cm-1 band along with a:- increase in been reported previously in the basic AICl3-MEIC melt.' In
the 394 cm-' band with the addition of excess chloride sup- addition, this type of chemical reduction has been observed
ports the argument that chloride ion reacted in solution for molybdenum(VI) compounds in the AICI3-NaCL,,
with WCI to produce (WCIJ'- . it is apparent from this melt.'
figure that the band at 410 cm-' was reduced significantly Slow scan rate cyclic voltammograms of solutions pre-
while the band at 394 cm-' was increased. pared by the dissolution of WCO in AlCl3-NaCl., were ob-

UV-visible absorption spectra were obtained for solu- tained at a glassy carbon disk electrode. These voltam-
tions prepared by dissolution of either WC]a or KWCI6 in mograms are essentially the same as those obtained for
AICl 3-NaCL, melt. These spectra are shown in Fig. 2. The solutions of KWCI under the same conditions. The similar-
wavelengths and relative intensities observed in this figure ity of these voltammograms again supports the contention
are compiled in Table 1I. The spectra of the WCI, and that addition of WCI6 to the AlCI3-NaC,, melt produces the

[WClJ - ion. Illustrated in Fig. 3 is a typical cyclic voltam-
mogram for an A1C13-NaCI, melt containing [WCIJ-. The

2.10 rest potential of the glassy carbon working electrode im-
mersed in this solution is ca. 1.850 V. When the cyclic
voltammogram is slowly scanned in the positive direction
from the rest potential, one oxidation wave, Wave Ia, with
a peak potential of 2.125 V is observed. This oxidation wave

1.69 exhibits a reverse reduction wave, Wave 1c. The average
peak potential separation, AEp, of this wave over the range
of scan rates from 0.02 to 0.5 V/s is 0.092 V at 175*C. This

I value is in excellent agreement with the theoretical value of
1.2 approximately 0.089 V expected for a reversible, one-elec-

a\ tron electrode reaction at this temperature. In addition, the
. ~peak current ratio, i///, which was calculated using

o \ Nicholson's empirical method,"0 varies from 1.0 to 0.98 over
0 04 this range of scan rates. The peak current function, i/v ,

where v is the scan rate, was essentially constant for a se-
ries of voltammograms that were recorded over this same
range of scan rates. The half-wave potential, Ej4 , which

0.42 was calculated using the equation E1/2 = (Ep + Ep)/2, for
these voltammograms, was basically constant with an av-
erage value of 2.076 V. The limiting oxidation current, i,
from the normal pulse voltammetric data in Fig. 4a was
used to prepare a plot of log [(ij - i)/iJ vs. E. A linear plot

0.0 0. 400 500 0 was produced. The E,/ determined from the intercept of
this plot was 2.079 V, and the n value calculated from the

Wavelength (nm) slope of this plot was 1.04. These results suggest that oxida-
tion Wave la corresponds to the reversible one-electron

r-g 2. kmiegm in AKIC- w mob at charge-transfer process
175C H 1.7x 10- M KW0C, (v. pur md; (---) 11.0 x 10-3M

[C WCIJ'- * WCl, + e-
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i.e., the average AEp is about 0.089 V, i/i; is essentially 1.0,
the cathodic peak current is linearly proportional to the
square root of the scan rate, and E 12 is constant with an

2.400 2.000 1.600 1.200 0.800 0.400 0.000 average value of 1.576 V over the scan rate range 0.02 V/sto
0.5 V/s. In addition, plots of log [(i - i)/i] vs. E for the first

E(V) vs Al reduction wave in Fig. 4a and 4b were linear giving an
average E12 value of 1.580 V and an n-value of 0.97. There-

Fig. ~ ~ ~ ~ OF& 3.Cd bnmpm 61X 10-3M W%, C a ghss fore, reduction Wave 2c appears to arise from the following
cubs Imbw i MOS.SCL mob 4 175'C Sm .cf w= reaction

.020V/.. (WC1l 1- + e- r [WCI'-

Exha. stive controlled potential reduction experiments
where the product WCI is stable on the voltammetric time were performed with solutions of [WCl.]'- at an applied
scale but reacts slowly with the melt to produce [WCId]- . potential of 1.400 V at a glassy carbon plate electrode in an

Figure 3 shows that when cyclic voltammograms were attempt to determine if [WCIJ'- was completely stable in
scanned in the negative direction from the rest potential, the AlCl3-NaCl,., melt. Based on the initial number of moles
one reduction wave (Wave 2c), with a peak potential of of [WC.] 1 - present in the solution and on the total charge
1.527 V, and three closely spaced reduction waves at consumed during the electrolysis, the n-value for this re-
1.198 V (Wave 3c), 0.766 V (Wave 4c) and 0.606 V (Wave 5c) duction was essentially one. This result is in agreement
followed by a shoulder (Wave 6c) on a large wave kW& ,e 7c) with cyclic voltammetric and normal pulse voltammetric
at 0.185 V were observed, data. At the end of the electrolysis, a dark purple precipi-

The reduction Wave 2c is associated with a reverse oxida- tate was present or. the bottom of the electrochemical cell
tion wave (Wave 2a). Analysis of this reduction wave sug- along with a faint pink solution. When the solution was
gests that it corresponds to a one-electron reversible allowed to sit overnight, the pink color disappeared. This

ge- result indicates that the [WCIsJ complex ion is either in-charge-transfer process on the voltammetric time scale; soluble or unstable in the melt. The attempted dissolution

of KZWCl or WCI4 in the AC1,-NaCt knelt also produces
a dark purple precipitate.

At slow scan rates the reduction Waves 3c to 7c in Fig. 3
_become complicated. The electrochemical behavior of these

waves depends upon the switching potentials and scan
-.-- a rates. If the direction of the potential scan is switched right

after Wave 3c, a small reverse oxidation Wave 3a and a
symmetric sharp stripping oxidation wave, Wave 3a', are
observed. This anodic stripping wave disappears if the
cathodic potentirl scan is switched after Wave 5c. The re-
duction Wave 5c also exhibits a peak-shaped character. It
was observed that when the scan rate was increased, the
peak currents for Waves 3c, 5c, and 3a' decreased but the
peak current for Wave 4c increased. These results suggest

O.OiuA that at slow scan rates, the reduction product of Wave 2c
A.I.• n undergoes a chemical reaction to give some compound

which is reduced at Wave 3c. The product of Wave 3c may
be deposited (or adsorbed) on the electrode surface and this
deposit could be reoxidized at Wave 3a' or further reduced
at Wave 5c. As the scan rate is increased, the chemical reac-
tion following Wave 2c becomes less favorable, thus -esnlt-
ing in the decrease in the peak currents of Waves 3c, 3a',

2.40 2.000 1.600 1.0 0.0 0.400 0.0o0 4.400 and 5c. The reduction Wave 4c may be due to the reduction
of the product of Wave 2c. At scan rates higher than 10 V/s,

(V) s M the voltammograms are greatly simplified; i.e., Waves 3c,
R&..Nammlpbe bu f 18.1 x 10-3 AWCIata 3a', and 5c essentially disappear, and Wave 4c becomes

ghsuv sm.kes ds,. hi M -CI,4Clt a. 175C:) Ipubs wcdh much uaore prominent. Figure 5 shows the cyclic voltam-
m.02 s; (b) pAN WIwi s 5 s. mogram obtained at a scan rate of 40 V/s, the practical scan
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limit of our experimental system. It can be sen that Wave 2.10

4c is associated with an anodic Wave 4a. The peak current
of Wave 4c is approximately equal to that of Wave 2c and/
or Wave la. Also, the peak potential separation between
Wava 4c and 4a is essentially equal to that between Waves 2.00

Ic and Ia. The larger peak potential separation for the
cyclic voltammogram: obtained at these high scan rates
may arise from the uncompensated lR drop. Although the
peak potential separation increases with scan rate, En, 6 1.5o
calculated over the scan rate range of 10 to 40 V/s is essen-
tially constant with an average value of 0.810 V. Figure 4a .,O

shows that normal pulse voltammogram for a solution con- 0
tannig (WC6]- at a short pulse width. In this figure the - 1.00
magnitude of the limiting current of Wave 4c is essentially
the same as that of Wave 2c. The plot of log [(4 - i)/il vs. E,
which utilized the data obtained from this figure for Wave
4c, Is linear. The slope of this plot gives an n value of 0.99
and the intercept of this plot gives an E, of 0.826 V. Taken 0.50
together, these results indicate that at high scan ratea, Wave
4c is due to a reversible, one-electron charge-transfer pro-
cess. This reaction may be expressed as

WCIJ'- + e- # CWCl]- 0.000 30 ,oo 500 600

Exhaustive controlled potential reduction experiments Wavelength (m)
were performed for AC13-NaCl., melts containing [WC1-
at a glassy carbon plate electrode with the potential con- d 18. x 10-3M WO% i N 3.
trolled at 0.75 V. The charge consumed by this reduction
revealed an n-value of two indicating that [WCI - was re-
duced to (WCI.P-. When the reduction was completed, the
solution turned clear and a dark precipitate was observed
on the bottom of the cell indicating that 1WCI4J

- was con- Cyclic voltammograms obtained at a glassy carbon elec-
verted to an insoluble species. We were unable to dissolve trode for a solution of WOCI, in the A1Cl2 -NaC.,t melt at
the green KWCI in the AlCI-NaC., melt to obtain a 175*C are shown in Fig. 7. The rest potential for this solu-
W(UI) solution. tion at a glassy carbon electrode was 2.030 V. When the

The last two reduction waves, Waves 6c and 7c in Fig. 3, cyclic voltammogram was scanned anodically from the rest
extensively overlap with each other If the potential scan is potential, no oxidation wave was observed until the anodic
reversed right after Wave 6c, no significant reverse oxida- limit of the melt. When the cyclic voltammogram was
tion wave associated with Wave 6c can be observed. If the scanned in the negative direction, a well-defined reduction
potential scan is reversed after Wave 7c, a reverse oxidation way
Wave 7a appears. The product of the reduction Wave 7c wae with a peak potential of 1692 V followed by fivemay form an insoluble film on the electrode surface since closely spaced reduction waves at peak potentials ofthemyurret was not reproducible and increased each time 0.951 V (Wave 2c), 0.798 V (Wave 3c), 0.650 V (Wave 4c),

after this wave was traversed unless the electrode surface 0.331 V (Wave 5c), and 0.176 V (Wave 6c) were observed.
was cleaned by stepping the potential to 2.00 V for several The reduction Wave 1c in Fig. 7 is associated with the
seconds. Furthermore, a large oxidation wave occurred at reverse oxidation Wave la. Data collected from the voltam-
approximately the same potential as Wave la and was asso- mograms for this redox process recorded at scan rates
diated with Wave 7c. During a bulk controlled potential ranging from 0.01 to 0.5 V/s exhibit the criteria for a re-
electrolysis experiment, conducted at 0.0 V, the current did
not decay with time. Consequently, the n-value could not
be determined from these experiments. A major difficulty
for the study of this wave comes from the fact that this
wave occurs too close to the cathodic limit of the melt. 2,A
Wave 7c in Fig. 3 is similar to the cyclic voltammogram . 3c 4
observed for WC 1 dissolved in an acidic A1C13-NaCl 2 -
melt . Thus, Wave 7c in Fig. 3 may be due to the reduction Ic
of W(n) chloride. However, we could not obtain enough
evidence to prove this postulate because the solubility of
WOC6l,, like that of K2WCI., in the AlCI-NaC., melt was S
very low.

The complexity of the electrochemistry of the [WCI.- r.
species in this melt can be illustrated using the normal
pulse voltammogram with lorer pulse width shown in U
Fig. 4b. Conclusions similar to those obtained from the
cyclic voltammetric data can be drawn from normal pulse
voltammetry. 6

WOCL.-The dissolution of WOCI4 in the AIC13-NaC.,,
melt at 1750C produces a reddish orange solution. A UV-
visible spectrum of this solution is shown in Fig. 6 with the
relative intensities and wavelengths of each absorption
peak collected in Table 11. The absorption bands are essen- I I I I I I I
tially identicalto those reported for WOC. in the gas phase 2.400 2.000 1.600 1.200 0.800 0.400 0.000
and those in the acidic AICI-NaCl 1 melt indicating that
WOCI, is indeed stable in the AICI3-NaCI.t melt at this E(V) vs Al
temperature. However, WOC1, is fairly volatile at 175*C, F.7.Cydc m s 19.1 x i0 WOC4 4 g y
and reddish orange WOC14 crystals can be ween on the cell cM1on ehmds is MO.-Nd., nu e 175CC. Scan ink
walls above the melt. 0.050 V/s.
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The reduction Waves 2e, 3c, 4c, 5c, and 6c (Fig. 7) appear

versible, one-electron charge-transfer reaction; i.e., con- to involve coupled chemical reactions. At present, the reac-stant peak potential separation with an average value of tion sequence for these reductions cannot be determined;
0.095 V, a unit peak current ratio, and a linear relationship however, the following observations about these reduction
between the cathodic peak current and the square root of waves are provided. Although Waves 2c, 3c, and 4c are dis-

the scan rate. The values for Bn calculated from these tinguishable at slow scan rates (<2 V/s), these three waves
collapsed into a single wave at high scan rates. Figure 10voltammograms are essentially constant with an average shows the cyclic voltammogram obtained at a scan rate of

value of 1.743 V. Typical normal pulse voltammograms for 40 V/s. Waves 2c, 3c, and 4c have merged into one wave,
WOCl solution are presented in Fig. 8a and 8b. The plots of which exhibits a peak potential of ca. 0.650 V and a peak
log [( - i)/i] vs. E, constructed from the data in these current approximately twice the magnitude of the peakfigures for Wave lc, give an n value of 1 and an Eys value of current observed for Wave 1c. However, there is no reverse1.748 V, which is in good agreement with the value obtained oxidation wave associated with this wave suggesting that
from cyclic voltammetry data. some coupled chemical reaction is involved. The normal

Although the oxidation state of tungsten in WOCI, is the pulse voltammogram, shown in Fig. 8a, with shorter pulse
same as in WCI, WOCI4 is not reduced by the Cl- in the width exhibits three major reduction waves. The limiting
AIC4-NaC]. melt. The stability of WOCI in this melt can current ratios of these waves are approximately 1.0 : 2.0 :
be understood by comparing the half-wave potentials of 2.0. These results together with the results from the fast
these two tungsten complexes. The E,2 of WOC4 is more scan cyclic voltammograms suggest that the second reduc-
negative than that of WCI,, and is sufficiently far from the tion wave (the reduction wave at 0.650 V in Fig. 10) may be
oxidation potential of Cl- that C1- does not reduce WOCI4. due to the reduction of W(V) oxychloride to W(IlD oxychlo-

Exhaustive controlled potential electrolysis experiments ride species at the short voltammetric time scale. The third
wer conducted at a potential of 1.600 V to determine if the reduction wave (Fig. 10) is probably a combination of two
reduced WOC14 was stable in the melt. However, the WOCI reduction processes as judged from its shape. A normal
vaporizes from the melt and contaminates the counterelec- pulse voltammogram obtained at a longer pulse width is
trode melt by entering the pressure-balancing hole for the
counterelectrode. During the electrolysis, the reduction
current rapidly decayed toward zero, and the total charge
consumed experimentally was much les than the theoreta- -C
cal value for a one-electron reduction. After the reduction 4mA
was completed, the solution turned bluish-green while the -c 5
coune compartment turned reddish orange.
Consequently, the experimentally determined charge for - IC
the reduction of WOCI, was less than the expected value. .
Cyclic voltammograms were recorded for the reduced
WOCI, solution, and the same redox couples that were
present in the WOCI solution were still present in this solu-
tion. However, the one-electron reduction product of 6a
WOC14 was now the principal electroactive species present
in this solution. , I I I 1 I I I

The tungsten(V) oxychioride complex also can be ob- 2.600 2.200 1.0o 1.,oo 1.00o 0.600 0.200 -0.200 -0.6,0
tained by the reaction of oxide with [WCL-. When excess
oxide as Na2CO3 was introduced into a solution of [WCI]- E(V) vs Al
in AICI,-NaCL. melt at 175C, the yellow solution slowly rdg. llha gm 19.1 x lO-MWOC.oghssy
tumed bluish green. An absorption spectrum in the UV-vis- dmb at 17C.. Scan ob was
ible region recorded for this solution is depicted in Fig. 9. 40.0 V/.
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Appendix 4

A Reinvestigation of the Electrochemical Behavior of
Nb in AICI3-NaCIsAT and Related Melts

K. D. Sanerih
Department of Chemistnj, Virginia Military Institute, Lexington. Virginia 24450

E. . Hondrogiannis* and G. Mamantov"
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600

ABSTRACT
The electrochemistry and spectroelectrochemistry of Nb(V) in molten sodium chioroaluminate saturated with NaC1 at

178"C were re-examined. It was determined that previous studies involved solutions of high oxide content. The reduction
of NbC!I in oxide-free melts was found to proceed via four steps at short times and low concentrations. At higher concen-
trations and long times, the reduction sequence was complicated by a chemical reaction which follows the initial reduction
step. The effect of temperature on the electrochemistry of Nb(V) in sodium chloroaluminates and fluorochloroaluminates
was examined; temperature had a marked effect on the behavior of Nb(V) in these melts, but no significant differences were
observed between melts with and those without fluoride. Attempts to produce electrolytically niobium metal from Nb(V)
in these melts met with limited success.

Prior to the early 1970s, the possible influence of dis- caused the two waves due to the reduction of [NbF].] -

solved oxide species on solutes in molten salts was not con- to decrease, and resulted in a new wave. When the
sidered in most investigations. Beginning with the latter KNbF?:.Nb2O ratio reached 3:1, the original two waves
part of that decade, researchers began to realize that the had disappeared completely, and only the new wave was
presence of even fairly low levels of oxide species in the noted. Analysis of this wave revealed that it corresponded
melts could have a marked effect on solute chemistry and to the five-electron reduction of Nb(V) to the metal. These
electrochemistry"' especially when work at low solute researchers proposed that this wave was due to the reduc-
concentrations was attempted. Polyakov and coworkers' tion of the niobium oxyfluoride complex [NbOF4 .
investigated the electrochemistry of KNbF in KCI-KF Lantelme er al.' studied the effect of oxide added to a
[55-45 mole percent (m/o)), and found that in the absence of LiCI-KC1 solution of Nb(V), where the" initially observed
oxide, Nb(V) was reduced to niobium metal in two well-de- two waves [Nb(V)/Nb(IV) and Nb(IV/Nb(Mf)]. Upon the
fined, reversible steps [Nb(V)/Nb(V) and Nb(1V/Nb(0)1. addition of oxide, both waves decreased in height. and fi-
The addition of oxide in the form of NIO produced more nally completely disappeared when the O2-/Nb(V) ratio
complicated results. Initial small quantities of oxide had reached approximately two.

* Electrochemical Society Student Member. Sun and Hussey' examined the electrochemistry of nio-
Electrochemical Society Active Member. bium chloride and oxvchloride in basic A.IClI--methyl-3-
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, ethyllmldazolim chloride (AIC1,-MEICl). room tempera- Cathodes in the electrodeposition experiments were con-
tre melts. They found that [NbCl-6ould be reduced in structed using either nickel plates or tungsten foil. Nio-
two on*-lectron reversibre steps to ([NbCX- and bium metal anodes, either coiled wire or plates, were used.XbCV-, with 8mgrof 0.17 and -0.93 V, respectively, vs. Instrumenttion.-Electrochemical measurements were
AI(lIII/A. Upon the addition of oxide to the melt, (NbC,]- onducted u a Princeton Applied Research Model
was converted to (NbOCIl -, and this oxychioride moiety (PA) po tiostat-galvanostat, PAR Model 273, with
was reduced to [NbOw],- in a one-electron quasi-re- control from an IBM PS/2-70A computer and the PAR
versible reaction witha formalpotential o -0.521 V.ee Model 270 electrochemical software. A Hewlett-Packard
workers found that the oxychlorides could be converted to Model 8452A diode array spectrophotometer was used to
their respoctve chlorides in this melt by reaction with obtain UV-visible spectra. High-temperature spectra werephosgene.

'Tig et al. in our laboratory$-# studied the electrochemical obtained with the use of a water-cooled furnace which
behavior of Nb(V), added as NbCI,, in the AlCl,-NaC]. was designed and constructed inkuse. A Perkin-Elmer
melt The results of that study indicated that Nb(V) was PMI5000 ESCA and a Siemens D-500 x-ray diffractometermlt reduced in a one-electron step to Nb(iV), followed by were used for analysis of electrodeposition products.
three further reduction steps resulting in subvalent nio- Resubs Obtained at 1 78
bium chloride cluster species which were quite stable, pre- In prior studies conducted in our laboratory" four waves
venting reduction to metallic niobium. These results were were observed during voltammetric reduction of Nb(V),
evaluated in terms of the reduction of NbC,, and a reduc- added as NbCl] in AIC1,-NaCL"T at 178"C; these waves ex-
tion sequence nvolving only niobium chloride species was hibited cyclic voltammetric (CV) peak potentials of -0.09,
proposed; the studies were conducted at a time when the -0.24, -0.46, and -0.75 V, respectively. In the present stud-
importance af oxide impurities in molten salts was not ies, the voltammetric response observed at l7rC for NbCI5
fuly understood. It has recently been demonstrated' that solutions in Cl-NaClsp which had been treated with
our prior results" were erroneous in that the melts utilized phosgene or CC1. differed significantly from that reported
in the studies probably contained quite high levels of oxide previously," especially with respect to the peak potential /
impurities, of the initial reduction wave. A typical C.V is shown in A

Our group has found phosgene to be effective also in the Fig. la (solid line); the four main waves ha'e peak poten-
removal of oxide impurities from the AlCl,-NaClk melt.' tials of 0.114, -0.293, -0.482, and -0.809 V. However,
Recently, we have reported" that the removal of oxides when an excess of oxide had been added to the melt, in thr
from this melt can be accomplished with ease by treatment form of Na2CO3, CVs nearly identical to those reported by
with carbon tetrachloride. The development of oxide re- Tine- were obtained (see Fig. lb); the peak potential of the
moval methods has made feasible the reinvestigation of the initial reduction wave ix Fig. lb is -0.081 V. No change in
electrochemistry of Nb(V) in oxide-free melts. We report the melt potential limits was observed; the Ag(I)/Ag refer-
here the results of studies of the electrochemical and sp ence electrode was clearly not affected by the addition of
troelectrochemical behavior of Nb(V) in oxide-free sodium oxide.
chloroaluminate and chiorofluoroaluminate melts. The UV-visible spectrum for a solution of 15 mM NbCI.

E ¢, r |tal in the AlCl,-NaClsA melt, prepared using a COCl-treatedmelt, at 2000C, gave two main bands with maxima at 238
Due to the hygroscopic nature of the melts and solutes and 284 nm, and a shoulder at 320 un, indicating that

used, all work was conducted in an inert-atmosphere dry- NbCl] was the main species present in the melt along with
box (water level <2 ppm) or in sealed Pyrex or quartz cells. some [NbCI.j-. "". It has also been demonstrated using

ChaemicaLs.-Sodium chloride (Mallinkrodt, analytical UV-visible spectroscopy that the dominant initial species
reagent grade) was dried under vacuum (<50 mTorr) at in the melts used by Ting"- was probably a niobium oxy-
450*C in a Pyrex tube for >48 h. Anhydrous aluminum chlo- chloride moiety formed by the reaction of NbC]. with oxide
ride (Fluka, puris grade, >99%) was purified by distil- contaminants, which likely existed in the melt at fairly
lation as described in Ref. 11. Sodium fluoride (Alfa, pura- high levels.
tronic, 99.995%) was used as received. Carbonyl chlo- Cyclic voltammetry (CV) at 178*C.-Solutions of NbCl.
ride (Matheson Gas, 99.0%) and carbon tetrachloride in AlCl,-NaClsT at 178°C were investigated at concentra-
(Mallinkrodt, 99.9%) were used as received. Niobium pen- tions ranging from 5 to 30 mM using various voltammetric
tachloride (Alfa, 99.9%) was purified by sublimation as methods. In general, the solutions were treated in situ with
described previously."' Sodium carbonate (Mallinkrodt, CCl, after each addition of NbCl] to ensure the elimination
analytical reagent grade) was dried under vacuum at 300"C of any inadvertently introduced oxide impurities.
for >48 h, and then was transferred to the drybox and
stored until used.

Melts were prepared as described previously," and were a
treated either in bulk or in situ (in the electrochemical cell)
with phosgene" or CCI.'

Electrode materiaol.-Voltammetric working electrodes 'a
wer constructed from tungsten or platinum wire. Coun-
terelectrodes were made from glassy carbon rod or from
platinum foil. Platinum wire quasi-reference electrodes
were used, and were monitored with respect to an AgCl
(saturated, in AMCl-NaC].sT)/Ag reference electrode en-
closed in a thin glass bulb. All potentials reported herein
are given vs. the Ag(1)/Ag reference. 40

For controlled potential coulometry, the working elec-
trode was a glassy carbon cup; the counterelectrode was an "0 05 00 05 -,0
aluminum coil, separated from the bulk melt by a medium- E,&sAyAg

porosity fit; and the reference electrode was an aluminum Fig, 1. Cydck -- mg of NbM i* in AIC34aCl
wire in AIC13-NaCs , separated from the bulk melt by a using a tungstn wire (0.24 an) wug u Th Nb(V) cow
fine-porosity frit. canbaliam was 2.91 x 10-M, lir Imqlumwe was 17KC, anW di

The thin layer working electrode for the spectroelectro- scan min was 0.20 V/i (a) - Obeaed ii a m -.asd wi CCI,
chemistry was constructed from platinum gauze (Aesar, 52 (no ojdd and () (- cbained in same mn, ar dw i addi-ia of
mesh woven from 0.1 mm diam wire. 99.9%). excass oUdd (as N0COJ.



Ll LII O 1.04
0.10 0.36 1.05 S
0.50 0.36 1.00 C.14
5.0 0.03 1.05

50.00 0.98 -
MS 0.05 0.96 0.92

0.10 0.91 0.94 M13,
0.50 0.6 0.95
5.0 0.36 0.99

50.00 0.86 1.02

Table I lists some pertinent data for the initial CV reduc- 1I Sc" " M IC W
tion wave, which exhibits a maximum at 0.114 V in Fig. Ia. jV~p
The values of i/i very little, and remain near unity for all FI. 2. Plot o drneud b dms wl hmdkn (*d vs. dw an
scan rates in the range studied (three decades, from 0.05 to rifr l &ir ,edudh w ebon lned by CV hr I&l1 M in A 0-
SOV/s); these values wee obtained using Nicholson's crite- NanO . 1s NbM Wmsmudui 2.91 x 10M, ie winMi"
ion as described in Ref. 12 (pp. 229-230). The average dod ws a bmigiba wirell l Unaveohm was 173'Cam de
value for n, Is determined using CV, ' was found to be 0.93, ro rio d hier 0.1 to 10 V/L. The dlovd Ine rnpreus I.
indicating that the initial reduction involves the transfer of deol acwne expedad hr dY cmumismini D X .I x
one electron. Further evidence for the reversibility of the 10"* C32 $-I.

procss was given by application of the Randles-Sevcik
equation b Furthermore, even at high concentrations, the shoulder es-

il = 0.4463nFA(Da)'C* sentially disappears at high scan rates. A similar depen-
dence upon wqpeimental rate (step time) was observed in

with normal pulse voltammetry.
The behavior of the shoulder preceding the second wave

a - (nP')/(RT) [1] indicates that it involves some reaction which is only sig-
nificant at long times and high concentrations. In the treat-which predicts, for a diffusion-controlled process, a linear ment of the voltammetric data as discussed above, no van-

relationship between the peak current and the square root atlon from theory was observed that might indicate that the
of the scan rate, and a similar relationship between the first reduction wave (E, = 0.114 V) was complicated by a
peak current and the solute concentration. Throughout the following chemical reaction. However such methods are
range of NbCIl concentrations studied, plots of e vs. v" not always sensitive to small deviations from ideality. More
wer found to be linear, and a linear relationship between sensitive probes for such behavior are described in the lit-
i and NbC concentration was observed for all waves. eraS;' these methods consider the dependence of certain

Table H summarizes some results regarding the initi arametese medtods. cnde te dndnce. oF c" reduction process obtained using various vlameri parameters related to i, and E,, on scan rate. Figure 2redctin poces otaiedusig vrios vitametic shows a plot of the dimnionless currnt function given in
methods. In all cases, a high degree of reversibility was Eq. 2 vs . the scan rate. The shape of the curve
indicated. Chronoamperometric experiments closely fol- E te hh r
lowed the Cottrell equation (Ref. 12, p. 143). Plots of E vs. *,= i(nFAD -C*ao:) "Y (2]
log [(id - i)/i] using normal pulse voltammetric data were
linea as predicted by the theory for a reversible reaction in Fig. 2 is indicative of a following chemical reaction
(Ref 12, pp. 160-162). Cyclic voltammetric results were which regenerates the initial redox species (Case VII in Ref.
presented above, and square wave voltammetry experi- 5 .- Figure 3 shows a plot of (.Ge1/,EJ( log v) vs. the scan
ments are discissed below, rate; this curve also indicates that a following chemical #'.

The data given in Table I1 show that the number of elec- reaction regeerates the original redox species. Further-
tru1s involved in the charge-transfer for the first reduction
wave was near unity. The values for /S and D are in rea- -5

snble agreement among the indicated methods.
In solutions of low concentration (<20 mM), only four

reduction waves were observed in the CV of NbC!.; the
shoulder which precedes the second wave (see Fig. la) onlybecomes significant at concentrations higher than 20 mM.

" Values for th number of eectrs( W(wate det,,.mied using__. ....._

Is ofeaumber m elc n Isc Wanaday~i comnstn,
is thele.'ude assa, D is the diffuion coefficIent of the species .
rduc CO Is the bulk cimenratlen of the speies reduced. R Is
the gVs =ostant, and T is the temiperature in Xvim

TAIsL Ssma aF w k sirw rmduck precesetTC-

3ehod i (V icm'/s) .I3 Co

(C 0.93 0.161 1.d x I0"4
1.9 x io-" Fl. e LoIg4v/L1 h. was ruubfor *a

0.96 0.171 - re_ ediwv bhd yC a ~
V 0.INP0 NMamlim was 2.91 x 10' 2M, die rmwas

scure wve - 0.170 MW ,r nr, Urn k o"17,d' . ,. -e ws

ii? - - I eI n 0' is 5 I 'IdeId IIIe reprI I diw aurv

mise!( pddi wcmheI -o I I i1
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b In VbsmAik d"CV pea psa fo do ho &M
w~*.ri NbM 6- I w17C. TOi IV 000 hr forN mm . wovs in SWV f NCs.

3m rte V 4,3. 9,0 AU - ,., 8 .Bpi ,,
(V/4) (V) (V) ( V)' Als Mr) ) 0,V) Mv /,, ., ,

0.20 -0.293 -0.482 -0.809 0.189 60 0.172 -0.266 -0.442 -0.791 - 0.306 0.387
2.0 -0.324 -0.504 (-0.830) 0.180 120 0.170 -0.266 -0.458 -0.804 0.292 0.304 0.719

20.0 -0.395 -0.548 (-0.879) 0.133 240 0.167 -0.275 -0.464 -0.803 0.281 0.292 0.893
40.0 -0.421 -0.568 (-0.919) 0.147 480 0.170 -0.278 -0.479 -0.807 0.282 0.298 0.938

more, the shapes of the curves observed in Fig. 2 and 3 pected for a reversible process. All other peak potentials
exclude the occurrence of an EC mechanism, and do not tend toward more negative values, just as in CV. but the
support dimerizatlon of the redox product. shift is to a lesser extent. Of particular interest are the last

The variations of peak potentials with scan rate for the three columns of Table IV. The values for igi, and Z//p,
second, third, and fourth waves in the cv ae given in remain constant with changng frequency, but that for ip,/
Table UIL The peak potentials of the second and third waves i,. tends toward unity as the frequency is increased. Since
shifted to more negative values as tLe scan rate was in- the peak current of a SWV wave depends on D, n, and
cresased; the amount by which they were separated became frequency, the ratio of peak heights can be considered to be
maller At none of the scan rates studied were the two a rough approximation of the relative number of electrons
waves sufficiently resolved that peak current determina- involved in each process, assuming other factors remain the
tion for the third wave could be accomplished. Complica- same. Given that the first wave involves only one electron,
time from the shoulder Preceding the second wave pre- these ratios provide an approximation of the apparent
vented the extraction of meaningful data for the second number of electrons transferred, assuming that possible
wave at low scan rates, and the proximity of the third wave complications, such as irreversibility and higher order re-
caused similar difficulties at higher scan rates. actions, are of lesser importance.

The most negative wave (E - -0.8 V) in the CV was4 The SWV theorypredicts"' that thepeak height should be
small and broad at all scan rates studied. The potential of linearly dependent upon ww; i.e., a plot of peak height vs.
this wave, like those of the second and third waves, shifted WU-. should be linear; and should have an intercept of zero.
to more negative values with increasing scan rates. Figure 5 shows plots of i vs. wl- for the four main waves

It wax noted that a dark-colored film formed on the eiec- observed in SWV. The plots for waves 1, 2, and 3 are indeed
trode surface as the potential was swept past the third linear, and have intercepts near zero; this is not th ase deforwavei This film became more promneeat at potentials cor-wae.hs ilm bee mor prominettatoftenials cor- wave 4. probably due to the change in its relative peak

• xrponding to the fourth wave. Anale. of these films b height with frequency, as demonstrated in Table IV. The
x-ray dlffractlon were fruitless, yielding no definitive Ines
'e' " : ' ' ' other than a broad band in the region oJ d-s -" I slopes of the plots for waves 1, 2, and 3 are 0.351, 0.099, andother.. than abrodbad t g 0.10. respectively; normalized to the slope of the first

Square wave voltamrne _(SWO.--In general, the pea wave plot, these values are 1.00. 0.282. and 0.290. respec-
current for a SWV wave is given by the function in Eq.-3"' tively. These are in good agreement with the values of i ji,.

X (aFaC(rD) V-Jio, and presented in Table IV.

- is the peak current. w is the frequency in Hz. and d is a Controled potential coulometry (CPC).-A potential of

dimensionless current function which depends on the pulse 0.05 V was applied to a stirred melt containing NbCls; after
height and the magnitude of the square wave excitation the measured current had decayed to less than 1% of the
signal; other parameters are as given before b initial value, the charge passed was determined and an n

Figure 4 shows a SWV obtained in the 29 mM solution at value of 0.974 was calculated, indicating that the first wave
a frequency of 60 Hz and a pulse height of 25 mV; Table IV in the reduction of Nb(V) involves one electron, in agree-
lists some pertinent voltammetric data. As in CV four deft- ment with voltammetric results. It should be noted that
nlte waves are present, with the second wave having a pre- some portions of the aluminum counter- and quasi-refer-
wave shoulder Also as in CV, this shoulder disappeared as ence electrodes above the level of the melt were consider-
the speed (frequency) of the experiment was increased. The ably blackened, probably by a reaction with gas-phase
Parameters ip,/J, L/ip,, and ' give the ratio of the
peak current of waves 2, 3, and 4, respectively, to that of 8,.
wave I . .. a a

It is clear that the peak potential for the first reduction
wave remains constant with increasing frequency, as is ex- d

1, p _ _6.0,

I 23 ~4.0 /

I- I
2.0-2.0 .-i

S .2 - -O.4 - . -

6~2~ ~ ~ . .0o 5 10,15 20 25

4. S""u'formNchaineAlar- 0M
.s . 16 NbM w._ was 2.91 iO-2m, c ui.5.rnpeak rm*,,s.w'tfr wopin , ,aes in
s wa eawos, adIP m ewas SWV for Ne r ins ANC6-aM, (2.91 X pl-o 178:C- ThesO

qy mywm61N4 d dpulshe wcs2m. as for dh a. first b, smncdid; and d, ufr wans.
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. - s t h a w b by . in spum acquired using a 30 MN NbC solutiun in n,.-
NaC3." at 175"C. These bands decreased as the tempa-

Atpaet Mris of the solution was increased to 3MC, indicating that
. d wav X this speces is les stable at higher temperatures.

1 0.974 D is n Of LOw US"MkM RONub2."0"Mvm) 1.462 2.19 The fin' wave in the reduction of NbCI. in AlC1-NaCl

3 2.44 at 17"C is essentially a reversible one-electron charge-
transfer process. Values for n near unity were determined
by CwM NPV, and CPC. Reversibility was indicated by CV,
NPV,CA, and SWV results.

NbC.,; this reaction could partially account for the fact The diffusion coefficient for the Nb(V) species i AICI.-
that the calculated n value was slightly less than unity NaCluT at 178C was determined by CV, CA, and CC exper-

Controlled potential coulometry experiments were car- iments to be 1.8 x I0-' cm2/s (average). The Eta of the redox
red out at potentials corresponding to those of the subse- process was found to be 0.169 V (averge) vs. Ag(I)/Ag via
quent waves observed in voltammetry, including that of the pC SWV and NPV experiments.
shoulder to the second wave, using a fresh NbClj solution Unfortunately, studies as comprehensive as those con-
each time. Table V lists the apparent a values determined ducted on the first wave could not be extended to the wavesfor ech wave.

In each CPC experiment, the aluminum electrodes e- occurring at more negative potentials. However several
characteristics were noted. In the voltammetric (CV, NPV,

came blackened. Although these electrodes were separated and SWV) experiments, the shoulder preceding the second
from the bulk melt using medium porosity fits, it was nec- wave was most prominent at long times (slow scan rate.
essary to have a small hole (-4 mm diam) in the counter- long pulse widths, and low frequencies); it tended to disap-
and reference electrode compartments, above the melt pe idth an ow fqes ; it ten Tislevel, for prssr equilibration. It was in the region of thi pear entirely at very short times or in fast experim~ents. This
hleel, tha blenigfe eq ltrode ocwas rthregi n of this behavior indicates that the shoulder was due to the reduc-
hole that blackening of th e toccurred. It is proba- tion of some species being generated by a rather slow chem-ble that this reaction dim inished the total am ount of b 5 ic l r a t o f l ow n th frs re u i n.A ex a n d
available for experimental evaluation of the n values. ical reaction following the first reduction. As explainedbelow the following chemical reaction is believed to be

UV-vinble spectroelectrochemistry (SEC).-'These ex- one which competes with, but which results in the same
periments were carried out at 200*C.) UV-visible spectra product as the second reduction step. The fact that there
were acquired in a thin-layer cell containing a solution of was no gross effect on the characteristics of the first reduc-
NbCl, in AlClg-NaClw, while stepping the potential of the tion wave indicates that the chemical reaction was slow, or
electrode to those corresponding to the peaks of the CV did not proceed to a great extent. It was possible, however.
reduction waves. The electrode potential was held constant to perform CPC in the rising portion of the shoulder and
for at least 10 min to allow sufficient time to monitor the determine a cumulative n value of 1.46 electrons; subtract-
thin-layer solution and observe any fcllowing chemical re- ing the one electron due to the first reduction yields an n
actions. After stepping to the potental of wave 4 (E value for this reduction of 0.46 electrons. Analysis of the
-0.92 V), in Fig. la, a new band was observed at 410 nm
(Fig. 6); the intensity of this band increased with time. Vig-
ure 7 shows the spectra acquired after the electrode poten-
tial was returned to the initial value (E = 0.60 N). An isos- -_ _ _ _ _

bestic point, arising from the shift in the maximum from
410 to 431 nm, is observed. At longer times, the maximum
continued to shift to 444 nm, followed by a decrease in the

Cabsorbance at this latter wavelength; after 110 min. no sig-
nificant absorbance beyond 400 nm was observed.

Hussey and coworkers" reported a shift in a band at 423 A
nm (attributed to a metal-metal electronic transition) to
lower energy when they oxidized a fresh solution of
[(NbCl)Cl'-, ie., Nb ' , in 44.4/55.6 m/o AICI,-MEICI
at 100C. The final product was believed to be
[(Nb.Cl )Cl'-, or Nb '.

The behavior of the band attribated to the Nb2 cluster 4 0nm)

in the AICIr-MICI melt at 1009C" is similar to that ob-

served for the band at 410 nm in AlClrNaCls, at 200"C. In Fp 6. Absorbance . wavWii at E = -0.92 V. Spedra ac-
the AIC rKE-CI solvent, the band shifted fron 423 to 458 qurid at ( t 0, M 1, (c) 2, ( 4, (918, 0) 12, and W 14 ra.
rm during oxidation, whereas in the AICl,-NaClss solvent,
a band shift from 410 to 444 nm occurs during oxidation.

At the completion of the experiment, black particles
were observed on the platinum scree working electrode.
The UV-visible spectrum of a solution of these particlesVin HCI-saturated ethanol matched those reported for
the bi add Nb' clusters reported by Hussey and
coworkersw le

. .17! It is interesting to note that the band at 410 nm was also
/ een when the electrde was stepped to a potential corre-

, sponding to any of the first three waves in the CV, although A
the increase in absorbance was significantly less than that
oberved when stepping to the potential of the fourth wave.
The formation of the Nb cluster at more positive poten-
tials is evidence for the slow disproportionation of Nb', . .s
formed during the first reduction wave, to Nb-' and Nb l, A,1
the latter of which likely decompuoses to form the subvalent
cluster. The formation of the NbV- cluster in solutions con- FV. 7. Absodbanc vs. elm t r s g IDw k d "ii,
taining WbMV was confirmed by observing the increase pol- kuo .0.60 V. Speeku aq dat (a) t z 0.(hW 2, (c) 7, (4O16,
with time in the UV-visible bands at 415,480, and580 n, W (25,13, 5 , 3AgI OaNd
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voltamm i data 6=, the first redg,,tion wave using ad- with the aluminum electrudes present in the cells ind \d/tionad enriarw revealed that some cared, which would effectively diminish the conomtratiom .
conpiations wre involved. These analyses Indicated that The species Nb2 CU is known and has been characterized,
the following chemical reaction involved partial regmera- and evidence of its existence in chloroalumnate melts has
tion of the initial redox species Nb(V), in this casel. Spec- been reported.1"
tUVOMpic results supported the electrochemical results; The total number of electrons passed per mole of Nbc. in
UV-vlslble spectra of an NbC.. solution showed bands at- CPC at the potential of the third wave was determined to be
tributed to the Nb" cluste, which was likely the decom- 2.44. The direct reduction of Nb3' to Nbr" would require 2.5
position product of Nbs" formed from the dispropor- electrons per mole of NbC. in solution. The substance
tionation of Nb'. Similar phenomena were observed by Nb,C1, is known and has been characterized," and evi-
Mamantov and coworkers for the oxidation of U(TV) in dence for the NbICIU]3* moiety in chloroalumizates has
LIF-BeF%-ZrF," and the reduction of U(tV) in FLiNaK. 17 been reported."
These workers proposed schemes involving the dispropor- No direct electrochemical evidence for the reduction rep-
tionation of the redox product [U(V) and U(I), respec- resented in Eq. 7 was found; the apparent n value could not
tively) to regenerate U(xV). be determined reliably in any case, but apparent a value

Studies of the second wave were hindered by the appear- close to unity can be inferred from the SWV data (Table M
ance of the shoulder discussed above, as well as the close at high frequencies. As with the third wave, the fourth
proximity of the third wave. The peak potential tended to wave results in the deposition of a film on the electrode
shift to more negative values as the rate of the experiment surface. The identity of this film could not be determined
(CV, SWV) increased. Also, CPC at the potential corre- using x-ray diffraction, but it is unlikely that it is metallic
sponding to the second wave provided a value of n of 2.19 Nb, as indicated by the lack of any definitive lines in the
electrons cumulative from the initial potential. When the x-ray diffraction pattern. UV-visible spectra of the HCQ-
potential was stepped past the shoulder and into the second saturated ethanol solution of this deposit showed bands
wave, the process which gave rise to the shoulder would attributable to the Nb'' and Nb " clusters, while the
have little effect if it were due to the product of a slow SEC clearly showed that Nb'" could be generated when
chemical reaction. Therefore, it is likely that the n value for the potential was held at a value corresponding to this re-
the second wave is 1.19 electrons. It should be stressed duction wave.
again, however, that the time scale of the coulometric ex- At long times, or slow experiment rates, an additional
periments was as much as three orders of magnitude wave was observed as a shoulder to the second wave. Some
greater than that of the voltammetric experiments. This of the voltammetric results suggest that the product of the
could be an important factor in the differences observed first reduction undergoes some chemical reaction to regen-
between the relative n values obtained for the first and erate the initial species (although the ex, -,t of this reaction
second waves in the two types of experiments. must be small on the voltammetric time-scale, since no

The third wave suffered from analysis problems similar gross effects were seen). McCun - b s'ggested that solu-
to those discussed above for the second wave. In brief, it tions of Nb' undergo disproportionation to Nb' and Nb "

was noted that the peak potential for this wave tended at temperatures above 200tC; also, current spectroscopic
towards more negative values as the experiment rate in- studies have shown that this reaction occurs at tempera-
creased; this was less obvious in the SWV studies than in tures below 2000C. Given sufficient time. the Nb gener-
the CV studies. Coulometry yielded a cumulative n value of ated in the initial reduction probably disproportionates to
2.44 electrons for this wave. produce an additional species, Nb'.

The fourth wave proved to be the most difficult to am- The Nb' produced by Nb' disproportionation subse-
lYze using only the electrochemical results. its appearance quently undergoes a higher order reduction to a stable clus-
in CV was generally broad and small, makrin it difficutto ter species (Nb), involving a net of one-third electrons per
measure properly the peak potential, much less any other atom of Nb'. The excess charge exhibited by the a value of
voltammetric parameters. In SWV, the wave appeared to 0.46 obtained by CPC for this step may be attributed to
have some reversible character, especially at high frequen- reduction in the second wave, since it was impossible to
cies, when the intensity of this wave tended to be higher truly isolate the shoulder from this wave. Support for such
than that of the first wave. As mentioned above, time in an a proposal is provided by prior studies by Lantelme et al. 3

experiment is an important factor. It is possible that the and Suzuki and coworkers. "1 'm Studies involving the for-
film formed on the electrode surface during the third and mation of subvalent niobium species in chloride media my
fourth waves could have caused some pasvaton over themetal
fourthxpewavencold heas sho pavtioer tighhe indicated that the species produced had a valence of less
long experimental times, whereas at short times shgh e- than 3; the studies by Suzuki and coworkers indicated that
quenc/es), passivation was minimized. Nevertheless, spec- the predominant species was Nb3CI,. The Nb " produced by
teletroe results supported the generation of the Nb would be less stable thanNbl-n* cluster following this reduction., _ipoatato ofN(- ol els tbetaNb , and would be apt to be reduced at a potential more

Propoaed rection .equence.-At fast rates (short times), positive than that of Nb4* (Eq. 6). Further evidence for this
only four reduction waves wee observed in CV, NPV, and step was provided by SEC experiments in which the UV-
SWV Based on the results presented and discussed above, visible bands due to subvalent niobium chloride species
and previous results from the literature cited below, the were observed, and increased with time, when the potential
reaction sequence for the reduction of NbC, in AlC,- of the electrode was held at a potential just negative of the
NaCl1 at 1780C is proposed to be as given in Eq. 4-7 first reduction wave.

It follows, then, that the reaction which gives rise to the
Nb " + e- a. Nb (El) [4] shoulder competes for reactant with that which gives rise

3Nb' + 4e- * N'b- (E2) [51 to the second wave, but that the products of the reactions
are identical; this product is further reduced in the third

2Nbt + e" - Nbos' (E3) [61 wave. Based on these criteria, the steps given in Eq. 8 and
Nbr* + NSC* (E4) 171 9 are proposed to occur between'those given in Eq. 4 and 5,

.&7 at long experimental times
Since the n value of the first wave was found definie'l"y- Nb'- Nb " + Nb "  (C) 8]

to be unity, it follows that step (El) in the reduction scheme
for NbC!, is the reduction of Nb' " to Nb' . 3Nb' + e- m NTb" (E2) [9]

An apparent n value of 2.19 was obtained by CPC for the
second wave. Reduction of Nbs" to Nb* (Eq. 4 + Eq. 5) 800d oF Wreased Tempet, and Added umide
would be expected to exhibit an n value of 2.33 per niobium Previous studiese -Lzlb indicated that at low temperatures
atom. However as noted previously, some reaction of NbCls (<300C), niobium metal was not produced when Nb(V) was
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* • Wt, Ur 1, CV s o w b m* m we. NaCIw mlt, a film was fQnmd On the electrode swfae at
°1the first reduction wave, and no change in the appearance

1, 4 of the electrode surface wre observed upon reaching the
_ _M_ M__ _ _ _ second wave. The film disappeared during the anodic scan

after reaching the most positive anodic wave.160 0.11 -0.13 -0.29 -0.49 -0.30 -

10 0.13 -0.15 -0'4 -0.44 -0.78 - Electruiis of Nb(V).-Attempts were made to produce20 0.13 - -0.17 ,- -0.42 -0.75 - niobium metal by constant current electrolysis of a Nb(V)240 0.14 -0.19 (-0.40)1 -0.75 - solution in AlCls-NaCIw and AIC13-NaCI1a-NaF melts.
210 0.10 (-0.20) -P (-0.45) #--
325 0.0U -,-0.50 -- (-1.2) Several parameters were varied, including the tempera-
375 - (-0.30) -1.2 ture, the NM(V) concentration, the fluoride content of the
425 (-0.30) -1.13 melt, the current density; and the cathode substrate mate-400 (-0.26) -1.04 rial. The range of parameters was by no means exhausted.500 (-0.25) -0.98
__00 ___0.25___0.9__ and much work remains in this area before definitive re-
.411tentias von in V a. the AgI)/Ag r ce. suits can be reported. We report here some preliminary ob-

b €hl column = to the shoulder preceding the second wave. servations made in the process of attempting to reduce
".Arrows indicate a gg o two waves into one. Nb(V) to the metal. In all but a few cases, no metal wasParenthwme indicate that the given value is approximate due to obtained, at least none that could be observed using elec-difficulty in determining peak potential. tron spectroscopy for chemical analysis and x-ray diffrac-

tion analysis. In all cases, at the end of an experiment the
reduced in AICI-NaCluT due to the formation of stable cathode was found to be covered with a thick coating of
niobium chloride clusters. Results of present studies sup- undissolved, dark-green colored material; UV-visible spec-
port that coxiclusion. However, attempts to electrodeposit tra of an aqueous solution of this material had the appear-
niobium in choroaluminates at higher temperatures have ance of a combination of the spectra reported for niobium

not been reported. This section deals with the studies of the chloride cluster species of the form [NbC,"', with m
electrochemical behavior of Nb(V) in AICII-NaClLT and 2, 3, 4 e st
AICI:-NaCLATNaF melts, and attempts to electrodeposit Current densities ranging from 5 to 250 mAlcm; were
An anainthese melts and elatdtempstertreps studied, and in some cases, the current was pulsed between
niobium in these melts at elevated temperatures. cathodic and anodic values, in an attempt to minimize the

Temperature effecr.-Studies on the electrochemistry of accumulation of nonmetallic deposit on the electrode
Nb(V) in A!C13-NaC1uT were conducted in the temperature surface. These experiments seemed to indicate that, when
range of 160 to 5000C. Table VI lists the peak potentials of niobium metal was produced at all, it was only at low
the waves observed in the CV as the temperature was in- current densities (<50 mA/cm ); in such cases, the coating
creased. Some general trends can be distinguished. As the of undissolved material on the cathode was thinner and
temperature was increased from 160 to 2400C, all observed more evenly distributed. The pulsed method had no observ-
waves shifted in the positive direction; at 240C and above, able effect.
the first wave began to broaden and shift negatively. While The fluoride content of the melt was varied from R = 0 to
the observed shifts may be in part related to a change in the i = 1.0.' The variation of R appeared to have no signifi-
junction potential of the glass bulb of the reference elec- cant effect on deposition. In fact. the best deposit was ob-
trode. the lack of significant variation in the cathodic limit tained from a melt containing no fluoride.
demonstrates that the shifts were, to some extent. real. At The temperature at which deposition was attempted was
325"C and above, no distinction between the second, third, varied from 525 to 625°C. It was apparent that tempera-
and fourth waves could be seen: rather, only a large, broad tures higher than 525°C were needed to allow the deposi-
wave was observed. The first wave ceased to be peak- tion of niobium metal. No distinct advantage to using tern-
shaped at temperatures above 325*C, as it became simply a peratures higher than 550°C was seen, although it is likely
broad, low plateau preceding the larger wave into which that extending the studies to temperatures higher than
the second, third, and fourth waves had merged. 700°C will produce better results, due to the lower stability

At temperatures -325°C, a new wave was observed near and possibly higher solubility of cluster# species at such
the cathodic limit of the melt. At temperatures below temperatures.
400"C, this wave was generally difficult to resolve from the
melt limit, but it became markedly observable above 400°C.
This new wave was much larger than any observed in the ' The value of R is pven by the molar ratio of fluoride to alu-
more positive region of the CV, and it tended to shift to minum, e.g., a 10 mo aF met would have R =F/Al 10/0= 0. 1.
more positive values with increasing temperature.

Figure 8 shows a CV obtained at a temperature of 5000C.
The primary features are a broad wave at approximately
-0.25 V, and a large, sharper wave nearer the cathodic melt
limit (-0.98 V). Also seen, beginning near +0.1 V. is the
broad plateau which incorporates the initial wave in
Fig. la. Associated with the reduction wave at -0.25 V is
an anodic wave observed at approximately 0.27 V The two "
anodic waves observed at -0.92 and -0.06 V are associated
with the more cathodic reduction wave.

When the electrode was observed during the process of a
slow linear scan at 500"C. a black film was seen to form on
its surface as the potential was swept past -0.25 V. where
the first peak appears in Fig. 8.

The decrease in the UV-visible bands due to the Nb: "
cluster as the temperature was increased from 175 to 3500C
supports the lower stability oi this cluster at elevated . , .,
temperatures. 0.4 0.0 -0.4 -0.8 -1.2

Effect of adding fluoride.-No significant differences E M, A0l)/A9
. were observed between CVs obtained from AICIr-aCLjx

and AlCCi-NaCla~NaF solutions of LNb(V), even with a Fig. S. Cyclic wilammagram obmaine fhr a 3.2 x 10"'M NbM
NaF composition as high as 10 m/o. Two main reduction sol in ANI6-OC6 at 50C The working ctde was a
waves were seen at -0.27 an~d -0.97 V. As in the AlCI- tungsten wies, aMdoh scan rm was 0.1 V/s.

A(C
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Tungsten foil and nickel plates were used as cathode ma- posits were rather thin, this represents the first successful
teral. The smoothest deposit was obtained using a tung- production of metallic niobium from sodium chioroalunu-
sten foil cathode, but ezperinents that produced niobium nate melts.
mroe suficiently few that no definite conclusion concern-
ing the cathode material can be put forth.

The thickness of the deposits was estimted to be less This work was supported by the U.S. Air Force Office of
than 10 Vam, due to the fact that x-ray diffraction patterns Scientific Research, Grants No. 88-0307 and No. F49620-
for niobium deposits invariably showed strong lines due to 93-1-0129. We would like to acknowledg useful discussions
the substrate material; niobium lines generally had intensi- with Professor Roberto Marassi, University of Camerino.
ties of about 1 to 2% of that of the strongest substrate line. Manuscript submitted Oct. 16, 1993; revised manuscript

received March 2, 1994.
wThe Unwersity of Tennessee cr-red in parr in meeting
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Th. Raman, UV-visible, electron spin resonance spectroscopic, and Infrared and Raman spectroscopic and spectroelectro-
spcroetotrohemical (SEC) behavior of tetrac be inone chemical results for chloranil in sodium chloroaluminate
(chloranll) in molten aluminmn chloride/sodium chloride mixtures has melts431 show that ;n acidic melts (AICI,/NaCl mole ratio
been examined. The results support previous findimp sunesting that > 1) chloranil is complexed with AICI3 (or A12Cl7-) at one
the chloranil is conmpexed by AC, or AI.CI, in acidic melts I> so mole of the carbonyl oxygens and at the carbon-carbon double
percent (/o) AICI3L while in bask melts (<50 ma/ MCI3) the chioranil
remains uncmsplexed. The results further support t Ir ly p bonds. The infrared spectroelectrochemical results sug-
pose stepwlse one-electron reductions in the acidic melt to produce the gest stepwise one-electron reductions to produce the com-
radical anion and the dianion. The preent work, however, reveals that plexed radical anion and the complexed dianion. No ev-
chorail Is also reduced thmugh two closely spaced one-electron reduc- idence for complexation of neutral chloranil was found
dons in the basc melt. in the basic melt (AICI3/NaCI mole ratio < 1), where spec-
Index Headings: Molten salts; Sodium alkali chloroaluminates Chlor- troelectrochemical results showed an overall two-electron
ant; UV-visible; Raman- Electron spin resonance; Spectroelectrochem- reduction.
istry; Fr-IR; Infrared spectrscopy. In this paper, Raman, electron spin resonance (ESR),

and UV-visible spectroscopic and spectroelectrochemi-
cal (SEC) results for chloranil in molten sodium chlo-

INTRODUCTION roaluminates are presented. These techniques were suc-
The electrochemistry of tetrachloro-p-benzoquinone cessful in identifying the radical anion intermediate which

(chloranil or Q) was first studied by Mamantov and co- had not been observed in the basic melt previously. The
workers' for its use as a cathode material for high-energy UV-visible spectrum for this species and the Nernst plot
molten salt batteries. Bartak and Osteryoung2 employed support the transfer of one electron to generate the anion
voltammetric methods to study the behavior of chloranil intermediate. Raman and ESR spectroelectrochemical re-
in AICI3-NaCI melts and concluded that the reduction suits support the stepwise reduction scheme in basic chio-
proceeds via the following mechanism: roaluminate melts.

Q + e- (1) EXPERIMENTAL
Q- + A - QA- (2) Materials. Sodium chloride (Mallinckrodt, reagent

QA- + e- QA2- (3) grade) was dried under vacuum at 4500C for several days.
Aluminum chloride (Fluka, puriss grade, > 99%) was pu-QA2 - + A -QA, 2- (4) rifled by distillation in a three-bulb Pyrex® tube con-

where A is a Lewis acid species, i.e., either AIC13 or A12CI7- tamining a small amount of aluminum metal (Aesar,
The complexed radical anion QA- is reduced at potentials 99.9999%) and NaCI as described previously. 6 Chloranil
similar to that of Q (Eq. 1); thus only one cathodic wave (Fluka > 99%) was purified by sublimation at 1 500C. Melts
corresponding to an overall two-electron reduction is ob- were prepared by adding the desired amounts of AICI3
served. Only when the complexation is "outrun" at very and NaCI to a Pyrex® tube inside a nitrogen-filled glove
fast scan rates are two waves, corresponding to the step- box, evacuating, sealing the tube, and then fusing the
wise reduction of Q to Q2-, observed. mixture in a rocking furnace at 1800C overnight.

Cheek and Osteryoung. used electrochemical and in- Spectroelectrochemical Cells. The SEC cell used for
frared spectroscopic methods to study chloranil in the both the Raman and the UV-visible studies has been
AICI3 -butyl pyridinium chloride (BPC) solvent system. described previously.7 The thin-layer working electrode,
Only slight differences in the electrochemical behavior contained in the quartz cuvette, was either a platinum
were observed in comparison with the AICI3-NaCl melts. screen or a reticulated vitreous carbon (RVC) electrode.
These differences were attributed to the greater Lewis The reference electrode was an aluminum spiral im-
acidity of the alkali chloroaluminate system. Infrared mersed in an AICi3-NaC,, melt and separated from the
spectroscopy using the acidic melt showed that only one bulk solution by a fine Pyrex® frit. The counter electrode
of the two carbonyl oxygens was complexed by AICI. was platinum foil (- 1.0 cm2 ) separated from the bulk

solution by a coarse Pyrex ® frit. The ESR spectroelec-
trochemical cell, constructed in-house, is similar to the

Received 10 August 1993; revision received 13 December 1993. cell used for the UV-visible and Raman spectroelectro-
• Author to whom correspondence should be sent. chemistry except that the quartz cell was flattened. This
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at 1750C obtained in the thin-layer cell. Experimental parameters: RVC
working electrode, Pt flag auxiliary electrode, Al reference, 50 mV/s. reached a maximum absorbance and then decreased back

to "zero" when the electrode potential was stepped neg-
ative with respect to the Q/Q 2 - reduction potential. This

flattened quartz end was placed perpendicular to the elec- band is not present at potentials corTesponding to that oftric field. The quartz part was in turn joined to the bulk either the chloranil parent or the dianion. The plot of
of the Pyrex* cell via a quartz-to-Pyrex* graded seal. absorbane with time for the parent band at 305 nm

The cell employed a platinum flag thin-layer working shows the expected decrease in the band due to the parent

electrode and a tungsten wire counter electrode. The plat- ashos t reduced to the dianion.

inum was in turn welded to a tungsten wire which served According to the Nernst equation, the ratio for the

as the electrical contact at the top of the cell. The elec- eqiirim coNent eation the xi io re
trods wre heahedwit Pyrx* o aoidexpsur of equilibrium concentrations of the oxidized to reducedtrodes were sheathed with Pyrex ® to avoid exposure of forms at the electrode is determined by the applied po-

the metals to the solution. The solution was added to the tential

cell through a sidearm which was then sealed after evac-

uating the cell. E = EG' + RT/nF In(C/C,) (5)
Instrumentation. Electrochemical measurements were where E is the applied potential, EO' is the formal poten-

carried out with the use of a Princeton Applied Research tial, R is the molar gas constant, T is the temperature, n
(PAR) Model 1 74A polarographic analyzer in conJunc- is the number of electrons transferred, and F is the Far-
tion with a PAR Model 175 universal programmer and aday constant. In thin-layer spectroelectrochemistry, Qo/C,
a Houston Omnigraphic X-Y recorder. Raman measure- can be defined as9

ments were made with the use of the 363.8-nm line (power
typically between 50 and 125 mW) from a Coherent In- C/C, = A./(A. - A.) = (A, - A,)/A, (6)
nova 100-15 argon-ion laser, a Spex 1877 triple mono- where A, (x = r or o) is the absorbance of species x at
chromator, and a Tracor Northern (TN)-6133 intensified any given potential, and Axi is the absorbance of species
512-element photodiode array. UV-visible spectra were x at a potentir' where it is the only form of the redox
acquired with a TN-6500 photodiode array rapid scan- couple present. A plot of E versus In CO/C, yields a straight
ning spectrophotometer employing deuterium and tung- line in which the E' is obtained from the y-intercept,
sten halogen lamps. The experimental arrangement for and the number of electrons is obtained from the slope
the ESR spectroscopy has been described.' of the plot.

Figure 2 shows such a Nernst plot constructed with the
RESULTS AND DISCUSSION use of the chloranil intermediate and parent bands. An

UV-Visible Spectroelectrochemistry in Basic Melts. A n value of 1.2 electrons was calculated from the slope of
cyclic voltammogram for 20.7 mM chloranil in the AICI3- this plot. This result is consistent with the one-electron
NaClI, melt is shown in Fig. 1. A reduction wave at 1.65 reduction of the chloranil parent to produce the radical
V and an oxidation wave at 1.73 V at a scan rate of 50 anion intermediate.
mV/s are observed. The UV-visible spectrum of a so- UV-Visible Spectroelectrochemistry in Acidic Melts.
lution containing 1.2 mM chloranil in the AIC13-NaC., The spectrum obtained for a 1.1 mM chloranil solution
melt shows a broad band with a maximum at 305 nm; in the AICI3-NaCI (63/37 mol %) melt at its rest potential
no other features are present out to 750 nm. Electrolysis shows two bands at 515 and 330 nm. The band with its
at a potential of 0.8 V for 30 min generates the chloranii maximum absorbance at 515 nm is due to the chloranil
dianion which gives a spectrum showing a broad band radical anion. This is the same wavelength at which the
with a maximum at 302 nm; no other features are present radical anion absorbs in the basic melt. The band at 330
out to 750 nm. nm is attributed to the complexed chloranil parent, since

Spectra acquired during this potentiostatic electrolysis both Raman and infrared data451 previously showed this
revealed a weak transient band at 515 nm. This band species to be present along with the radical anion at the
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solution rest potential. The presence of the radical anion
in the acidic melt in the absence of any applied potential ,
supports the spontaneous formation of this species via
reduction of chloranil by the solvent. The spectrum ob-
tained at elertrode potentials negative of the Q/Q 2- re-
duction potential m, ,-hes that observed for the same
conditions in the basic melt. At intermediate potentials,
the band at 515 nm rises to a maximum and then de-
creases, as expected.

Flowers and Mamantov' previously showed that the
chloranil parent is complexed, with AIC 3 or A12CI-, in .____
the acidic melt and that it is reduced to the complexed T
radical anion and then to the complexed dianion. The
fact that the absorbance maximum for the anion inter- -

mediate occurs at 5 5 nm in both the acidic and the basic
melts supports the formation of the complexed anion
intermediate in both melts.

Raman Spectroelectrochemistry in Basic Melts. The
Raman spectrum of a 20.7 mM solution of chloranil in
the AICI3-NaCl,., melt shows two bands at 1602 and 1700
cm-'. When the electrode potential is held at 0.8 V for
30 min to generate the chloranil dianion, these two bands
disappear as expected, since the electrode potential is
negative with respect to the Q/Q 2- potential. No new 19 117
bands are observed due to the dianion. This outcome is
not surprising, since previous results support the obser-
vation that the parent and tne radical anion bands are 7=

due to a resonance Raman effect. Both the parent and the
radical anion absorb at the 363.8-nm wavelength used
for the Raman excitation; the dianion, however, does not
absorb at that wavelength. At potentials intermediate to
those which produce the parent and the dianion, the bands
at 1602 and 1700 cm-' have decieased in intensity, as i-

expected. In addition, two weak bands are present at 1071 _- :-
and 1350 cm- 1. These bands appear at approximately the
same Raman shifts (1076 and 1338 cm-!) as those present FiG. 3. ESR spectrum for chloranil radical anion in AICI,-NaCl (63/
in spectra of acidic melts under the same conditions.3  37 mol % AICI) melt at 1750C.
Electrolysis at increasingly negative potentials shows that
the intensities of these bands decrease after reaching a
maximum. This behavior is indicative of the generation in to a maximum and then decreases, clearly indicating
of the anion intermediate from reduction of chloranil and the dependence of the species giving rise to the ESR signal
its subsequent reduction to the dianion. When the po- on the electrode potential. Since it was thought that the
tential is sufficiently negative, these bands are no longer low signal intensity might be the result of the platinum
present. A similar transient behavior is observed upon foil working electrode decreasing the electric field strength
stepping the electrode potential anodically to regenerate inside the cell cavity, a new cell was constructed with the
neutral chloranil. use of a platinum mesh working electrode, and the spec-

It should be noted that the choice of the 363.8-nm line troelectrochemistry was repeated as described above. The
for excitation was made only after attempts to use both same behavior was observed but with a slight increase in
the 514.5- and the 488.0-nm lines failed due to a large the intensity of the signal. The average g-value obtained
background fluorescence which prohibited the observa- in the basic solution is 2.0044 ± 0.003.
tion of the chloranil bands. An attempt was also made ESR Spectroelectrochemistry in Acidic Melts. A so-
to use a greater chloranil concentration in the melt to lution containing 9.5 mM chloranil in the AICI3-NaCl
increase the intensity of the Raman signals. It was, how- (63/37 mol %) melt gave a weak ESR signal with no
ever, limited to only -40 mM, since this concentration applied potential, supporting the spontaneous formation
was determined to be the solubility limit of chloranil. of the radical anion. Stepping the working electrode to a

ESR Spectroelectrochemistry in Basic Melts. ESR value negative of the Q/Q 2- reduction potential resulted
spectroelectrochemistry revealed no signal at the solution in an increase of this signal. Since it was believed that
rest potential, where it has been shown that only the the working electrode was decreasing the electric field
chloranil parent is present. When the platinum foil work- strength in the cell cavity, a new cell was prepared without
ing electrode is stepped negative with respect to the Q1 a working electrode. A solution of Q- was prepared ex
Q2- reduction potential, a weak signal grows in and then situ by bulk electrolysis and transferred to the ESR cell.
decreases. Likewise, when the electrode potential is The resulting ESR signal (Fig. 3) is significantly larger
stepped back to the original value, the signal grows back than that obtained in the presence of the working elec-
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trode. The average g-value in the acidic melt is 2.0051 give the transient species enough time to be reduced to
± 0.0001. The difference between the g-values for the the dianion.
anion intermediate in the acidic and the basic melts is In a final note, the above results exemplify the utility
not expected, since both UV-visible and Raman spec- of combining spectroscopy and electrochemistry for the
troelectrochemical results support the existence of the characterization of electrochemical systems. In this par-
complexed radical anion in both melts. One likely expla- ticular case, cyclic voltammetry in the basic melt showed
nation is the uncertainty in reading line positions from only one wave due to the overall two-electron reduction
the spectra recorded of the basic solution, since those of the chloranil to the dianion. Only from the spectroelec-
spectra exhibit a low signal-to-noise ratio. trochemical results was the formation of the radical anion

intermediate detected.
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There are now available mmi~ mixtres which art liquid at or c( ~
near mrontemperaturs' Thomostwidelystiisdaftthusiss

1.eshy- Iotb 3m th ylH-1H-lori (EMC)
and X33 hicha liquid at rom tanperature over a wide

range o EMC:A~i~ ratio (R).2 Dy a4iustins R., liquids are

EMIC

created which ae basic (R > 1; Cl- In base), neutral (R - 1;
[EMPJ - fAICI4-J), and acidic (R <1;Al2Clj - acid) and hav Product yields were followed as a function of time (Table 1,
vastly different pCI (iLe., -ice [CI) values 3 Basic and acidic entries 1-3). The photoreaction israpid initially butmuchdower
melts also have significanttly different, electrochemical windOWS4 at longer reaction times, due likely to an internal filter effect of
and hmiaproperties HCL forexample, isa powerful Brouted the highly conjugated 4A7 and 8 and quenching of excited stats
acid in acidic media, bat a much weaker one in basic ones AS We by these same species. Most of the products are also reactive as
wish to report the first example of a photochemical reaction in their yields go down as the reaction progresses. Only the yield
a molten salt and to show how altering the composition of this of the highly oxidized 7 (and 2) goes up as the reaction proceeds.
molten salt profoundly influences phtceia behaior. The mass balance also decays as a function of time, suggesting

Pbotolysis of a 0.140 M solution of anthracene (1) in a basic the formation of oligomeric and polymeric compounds at longer
EMC/MAl molt (55.0 mel % EMIC; pale yellow solution) reaction times. The hydrogen balance, which is a measure of the
undler vacuum in a Pyrex vessel afforded dimer 2 ecluively. 1 excess of reduction or oxidation in the characterized products,
This behavior is identical to that seen for 1 in a wide variety of is small bat not 0, also demonstrating the formation of missing
- traditional solventsl8 This dimerization, in fact, is the produts.
paradigm for a poceialyallowed [4 + 4] cycloaddition mIaunusual photochemistry must be initiated by an electron-
reaction.0 Pliotolysisof a 0.148 M solution of anthracen in an trasufer reaction. One possible electron acceptor is EMI', bat
acidic melt containing proton (55.0 mol %Alag~green solution), this is not correct. First of all EMI+ did not function as an
on the other hand, is quite different, yielding at least 16 oxidized, electron acceptor in the photochemistry of 1 in the basic melt,
neutral, and educedmonomericanddimeicprodiicts (anflyical nor does it in the photoreaction of 1 in CH3CN saturated with
HPLC).' 0 The major products were identified as 2-7, with trace EMIC, where 2 is formed quantitatively. The electron acceptor
amounts of 9,9'-bianthraftne and 1,2,3,4-tetrahydroanthracene is, in fact, the anthracenitumion 9+,1formed by protonation of
also being formed, as well as a fusdn of unknown struictureC I with trace amounts of HCO in the melt,"4 and it is more easily
(8) but similar spectroscpically to 7.11 No chlorinated products reduced electrochemnically than is EMIC (eqs 1-3).14 Even the

Mamno. .,EdL Eovon Amteda, ; VL . 15.1 +HCI =t9+ (1)
(2) (a) Wilkes 3. S,; Laiw, J. A.; Wiloo. L. A.; Haney. C L Inert.

Chmu IM 221.1263. Mb Famnin, A. A., Jr.; Flormai, D. A.; has, L A.; A
LasiduaJ. S4 Fkana,&.J.; Sw* hD. J.; Vauahn. LL; WilknsJ. S.; I + 9 - rV+Sr (2)
Wihum, 3. L . Phys. Clam 1964,88.2614.

(3) HussyC "-Scho!Nr.T. 34 WlksLS.; Fannin A. A..Jr.I. 1 4  9'. 3
Bkoorwhm. Soc. 1536,133, 1389. *+9 -pout(3

(4) Smfth, 0. P4 Dworkin, A. S4;Pani, . . ngMOMS. P.. i. LCh.
Soc. 93,111l, 525. most rigorously purified melts contain traces of FiCI. In the first

(5) Slmuth 0. P., DworbU. .W, P L M4 Mom iS. SF. MiAn Chem. three photoreactions described in Table 1, there is approximately
SOC. MI3 Ill, 5075.

(6) A Itaysmt recto with 3500-A hsumps was med w th U&sn 3% of 9+ present in each solution. When the HCI content of the
(7) The reactOn MiXturS wer q.1che with wat Under argon and Melt is deliberately increased by the addition of EMIC.HCL14- -, i s- d into meehy hlorde
(8) (a) Cowan, D. 0.; Drisco, R L Shnnso txcPoohir the content of 9+ increases to 26% (Table, entry 4). When this

Plmnw Nsw York 1976; Cbeper 2. Mb Decer. H.D. Clam. Am. 19 solution is irradiated, the photochemistry is somewhat different
03.14 ad 1r1,reaF 1sited therein. than the previously described cases, bat it is exclusively redox in

(9) Woodward. Rt. D.; Hoffinaan, R. 7te Conuwvation of Orbital
5,Inu Vahs Weiabsim, Germany, 1970. (12) The aqueous solution formed during reaction W W-ftel which contain

(10) Aaonuuddcuudni ncbisyooonzsinthatuem 3Md1 &Ad other ionic organic compounds, was evaporated and the resdes
of Wgt but the meaign is much dower than the peohiclreaction, subjected to SIM. Only EW+ was detected.

(11)Th~Iusa wee sparted y cla. chrmebpapy, pep LC~ (13) The electron trainter fromo arse cited states induieg that of
adwrPA donwie so Knw sui f 2, anthraconctodiaryl- and triarlmethyl carboadtis know andisveyfasL-

9,y~aithaos~, sa 1,23, wis aailale.The Johnston. Li.; Kanigan T. . Mi. Cham Soc. 190, 112.1271. Serana,
ithe Hutrature 2,3.Dichloro- A.; Gopidas, K ft. Dam. P. K. Chain Phi. LAtt 1932, 269.

755(pD ft sduina reduce prodou gysthe (14) Carlin, L. T.; Trulovs, P. C.; Osteryoneg. R. A. £luwckiaL Acre
musea roaichdr~bins. 1992. 37, 2615.
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to the Editor J. Am. Chexm. Soc.. Vol. 115. No. 21,.1993 MY~

Tdk L Prodc Ostibuloms froma the Photolysis of Anthramase in Acidi Melts'

meation ratio of I to %of I Myield'(%)l
.altry time MI protoostad 16 covnomd 3 4 5 6 7 O' 2 balance MY) balance (%Vf

1 0.5 29-1 12.7 24.5 19.4 12.1 2.3 0 13.7 0 72.0 4
2 24 29:1 60.4 7.3 6.8 2.3 1.5 1.0 1.1 2.0 22.7 8
3 48 29:1 64.2 6.2 4.6 2.4 1.3 3.1 1.3 2.4 21.3 -4
4 48 2.3:18 73.6 2.5 0 0 0 9.0 0 0 14.2 -6

(2.8)h
5 24 l:O'j 15.4 1.9 0 0 0 0 0 2.5 44.4

' 0.148 M solution (2.35 macl of I in 21.0S of =@It (55.0 mcIl %AC1h) which has a density of 1.32 g/.L* photolyzed in Pyre under argo.. Binad
on the extinction coefficient of protonatad anthracene (Laag. S. P.; Dworkin. A. S.; Solis. Mi.; Chapman, D. Mi.; Sachaeas, A. C., UJ;1 Smith, 0. P.
J. Electrchmm. Sac. M3,31, 1602 and rdf 4-5) and the equilibrium constant for the reversible protonatio of authraceae' 4 using dilute solutions
of anthroam in the melt. t For monomeric: products: (mmcol of product/ma of conasmed 1) X 100. For dizoeric products: (mmol of product x
2/maci of consumed 1) X 100. d An unknown homd product similar to 7. [ (Emmcl of monomeric products + 2Emmol of dieric products)/mmcli
of contaumed 11 x 100. f (mmcl of H added to reduced products - mmcl of H lost fromi oxidized products)/(zmo of H added to reduced poducts
+ amolof HI in . oxidized products) X 100. 1 Hain the moelt increased by the addition of EMIC.HCL' Yields of 1,3,4-terahydroanthraoem.
I HaC removed from the melt by addition of ces methylaluminumn sesqmchionide.1 J OC/hiS of the product nmur revealed the prsneof
mthylanthra*e&) (11%). 9,10.ditothylauthraoeae (1M), and cbocnhcn~)(2%).

nature, giving largely the highly oxidized and reduced products from 1 can seave this purpose. As a result, the chemistry is
7 and l,2,3,4-tetrahydroanthracene. This reaction is clearly dominated by bimolecular electron transfer, hydrogen transfer.
farther along the cascade of oxidation and reduction reactions and coupling reactions. The present chemistry is reminiscent of
thin are the previous three examples. Whben the HCI is that described by Smith et al. for I in molten SbC13, which is also
deliberately removed by addition of excess methylalium poorly basic, at elevated temperatures"' In that case.the electron
sesquichloride,"4 the overall reaction is slower than when HCI is transfer is driven thermally by the reversible reduction of Sb(III).
present, and the redox chemistry is largely suppressed (Table I, Thermally and photochemically drifts electron-transfer reactions
entry 5)."3 in poorly basic solvents should yiel other unusual chemical

The essential difference in the photochemistry of!I in the baic= transormationls.
and acidic molten salts is due to the different in acidity of HCI
in the two media. In the basic melt, HCI is insufficiently acidic Athaowh Igm The authors thankt the Air Force Office of
to protonate 1, and the photochemistry proceeds in the normal Scientific Researh for support Dr. Michael Sign of theOak
manner. In the acidic medium, however, HC!, now a powerful Ridge National laboratory for giving us selected hydrocarbons,
Broasted acid, protonates 1 to form a small amount of 9+, which and Professor David Baker for allowing us to use his analytical
function as an electron acceptor, thus diverting the chemistry of 1HPLC.
1 into an entirely new channel. Photolysis, of I in H20O also
generates I 1 1 which reacts rapidly with the nucleophilic S--lmety Material Awsflhe: Mxperimental details and
H20O.16.17 In the acdicmottensalt, there are no good nucleophiles characterization of the products(4 pages). Ordering information
with which 1*+can react. Only I or products or transients derived is given on any current masthead page.

(15) Tbe interpretationof this fact is omplicated by the fact that prdcs . (18) (a) Pontsma, Mi. L,. Dworkin, A. S. Brown. L L; Benjans B. Mi.;
are formed here which contain Ca and CIIs (from exes MdesAlzCI). Smith. G. P. Tevuhked'o Laf. IM78873. (b) Dworkin. A. S. Fonta, Mi.

(16) Sismn Mi. F. Zins. S. P4 Pasni. Lt M.; Burn: J. H. Termhedron L; Brynesad, 3J4 Brown, L L; Gilpatrick L 0.; Smith,G0. P. J. AmN Che.
Lo. 1991, 5737. S&. 1979, 101, 5299. (c) For a related cue. see also: Keszthelyi C. P.

(17) Wirz, J., unpublished resuL Electrohii. Acr 19S1, 26,1261.


